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ABSTRACT 
Manzacidins A-C were first isolated from Okinawan sponge Hymeniacidon sp. These 
compounds were realized to an unprecedented class of bromopyrrole alkaloids due to their 
unique structures consisting of an ester-linked bromopyrrolecarboxylic acid and an unusual 
tetrahydropyrimindine ring. Thus, manzacidins were expected to exhibit an array of prominent 
pharmacological activities as their alkaloid family, such as USP7 inhibitor, actomyosin ATPase 
activators, antagonists of serotonergic receptors, α-adrenoceptor blockers, etc. 
To date, manzacidins have become as target natural products and attracted much attention 
from the synthetic community. These facts stem from the intriguing structural features of their 
1,3-diamine skeletons with a quaternary stereocenter and a desire to obtain significant amounts 
for more comprehensive pharmacological studies.  
Manzacidins A and C have a 2,4-diamino-5-hydroxypentanoic acid skeleton that possesses a 
nitrogen-containing quaternary carbon center at the 4-position. In order to construct such a chiral 
backbone, many synthetic approaches to them have been explored. However, development of a 
synthetically useful method for the construction of 1,3-diamine skeletons is still a challenging 
task in terms of selectivity, atom economy or efficient reaction. 
Among the numerous types of known organic reactions are available, asymmetric 1,3-dipolar 
cycloadditions have been well-known as a useful and effective tool to directly construct such 
novel structure motifs in organic synthesis. Recently, we have developed the asymmetric 1,3-
dipolar cycloaddition of azomethine imines to allylic and homoallylic alcohols, utilizing either 
stoichiometric or catalytic amounts of diisopropyl (R,R)-tartrate [(R,R)-DIPT] to furnish trans-
pyrazolidines with excellent regio-, diastereo-, and enantioselectivities. Based on our previous 
results, we envisaged that if our method could be applied to the cycloaddition of azomethine 
imines to methallyl alcohol, the (S,S)-2,4-diamino-2-methylbutan-1-ol (B) could be constructed 
by the use of (S,S)-DIPT through the cycloadduct as shown in Scheme 1. In the case of the 
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cycloadduct derived from a phenyl-substituted azomethine imine by the use of (S,S)-DIPT, the 
oxidation of the phenyl ring moiety might provide a ready route to the carboxylic acid 
functionality (A). Manzacidin C could be then achieved in several transformations. In this 
approach, the removal of three carbons bridge on two nitrogens in the formed pyrazolidine ring 
(denoted by C3 unit) is crucial in synthesizing manzacidin C. 
 
Scheme 1. Retrosynthetic plan of manzacidin C. 
Herein I wish to report the formal total synthesis of manzacidin C based on asymmetric 1,3-
dipolar cycloaddition of the azomethine imine utilizing (S,S)-DIPT as a chiral auxiliary. In 
addition, the C3 unit on nitrogens of the obtained cycloadduct could be removed through N–N 
bond cleavage followed by a retro-Michael addition reaction. 
These results are presented in detail of this dissertation, including following parts: 
 Chapter I provides general introduction for what I want to work on and how it are interesting, 
scientific, and realistic. These contents consist of 1) context of the research area; 2) previous 
studies including key literatures; 3) research background; 4) research orientation; 5) research 
objectives. 
Chapter II focuses mainly on the development of asymmetric 1,3-dipolar cycloaddition of 
azomethine imines to methallyl alcohol for the constructions of the corresponding pyrazolidines 
possessing two contiguous stereogenic centeres in which one is a quaternary carbon. The 
developed procedure general was that: when a mixture of the azomethine imine (1.0 equiv), 
methallyl alcohol (1.0 equiv), and chiral diisopropyl tartrate (DIPT) (1.0 equiv) was treated with 
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a Grignard reagent (3.0 equiv), the asymmetric 1,3-dipolar cycloaddition reaction was proceeded 
smoothly to give the corresponding cycloadducts in high chemical yields (up to 77%), excellent 
enantioselectivities (up to 97%) and complete diastereselectivities. 
 
Furthermore, in the case of the cycloadduct derived from a phenyl-substituted azomethine 
imine by the use of (S,S)-DIPT, two chiral centers with suitable functional groups for the 
synthesis of manzacidin C was achieved in good chemical yield (59%) and excellent 
enantioselectivity (95% ee). The absolute stereochemistry of this cycloadduct has been 
determined. Recrystallization of the obtained cycloadduct enhanced the optical purity of the 
cycloadduct up to 99.4% ee, which was then subjected to further transformations towards the 
total synthesis of manzacidin C. 
Chapter III provides diverse approaches for the removal of the C3 unit, involving four 
synthetic routes as illustrated in Scheme 2.   
Route 1 is a removal strategy of the C3 unit via an oxidation of a hydrazine moiety on the 
produced cycloadduct followed by an elimination under basic treatments. Although various 
experiments were carried out, the results gave us unexpected elimination compounds which 
possibly caused by a deprotonation of the benzylic proton on the produced cycloadduct. For this 
reason, the synthetic route should be imposed on alternative ones. 
Route 2 is a removal strategy of the C3 unit via an introduction of a double bond into 
pyrazolidinone moiety derived from the produced cycloadduct (namely pyrazolidinone moiety 
for a short). The introduction of the double bond could be well-controlled. Subsequent 
transformations relying on the introduced double bond have been performed (hydrolysis,  
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oxidative cleavage reactions, etc.). The results gave usunexpected compounds or starting 
material was mostly recovered. 
 
 Scheme 2. General illustration for the removal strategies of the C3 unit. 
Route 3 is a removal strategy of the C3 unit via an introduction of bis(methylthio-) substituted 
on the pyrazolidinone moiety. Bis-sulfenylation reaction was smoothly proceeded. Followed by a 
desulfenylation would generate a new ketone functional group and further reactions could be 
then easily accessible towards to the synthesis of manzacidin C, our predication. To our surprise, 
instead of the formation of the desired product from the desulfenylation, other unpredicted 
compounds possessing a double bond on their scaffold were formed. In order to make good use 
of unpredictably obtained compounds, many transformations were executed but such synthetic 
routes were again not successful.  
Based on the results of the Synthetic route 2 and route 3 and studying the causes of the failure 
reactions. We recognized that the low reactivity probably caused by: (1) the aromaticity of the 
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compounds generated by the introduction of the double bond; (2) the high resonance stabilization 
between the nitrogen-carbon and carbon-oxygen bond on the produced cycloadduct. 
From our study, the characteristic of the produced cycloadduct must be changed in order to 
deal with these issues. In other words, a new approach need to be developed (Synthetic route 4).  
Route 4 is a removal strategy of the C3 unit via the reduction of N-N bond incorporated in the 
ring of the produced cycloadduct. The reductive cleavage reaction of the N-N bond could be 
smoothly proceeded. Followed by a series of transformations have been made. Expected results 
have not yet been attained under examined reactions. However, the given results led us to 
explore a right approach (Synthetic route 5) and this route was clearly described in Chapter IV. 
Chapter IV provides full data for the successful route (Synthetic route 5) as follows: 
Route 5 is a removal strategy of the C3 unit through N–N bond cleavage followed by a retro-
Michael addition reaction. A hypothesis of this synthetic route was given by studying the causes 
of the unsuccessful routes. On the basic of such investigations, an appreciate retro-synthetic plan 
has been exploited to be able to access the enantioselective total synthesis of manzacidin C, as 
shown in Scheme 3. 
 
Scheme 3. Synthetic route towards manzacidin C. 
To be more specific, the cycloadduct possessing the stereo-framework of manzacidin C was 
first constructed. The C3 unit could be then removed through N–N bond cleavage followed by a 
retro-Michael addition reaction. Subsequent oxidation of the remaining phenyl group into a 
  XX 
corresponding carboxylic acid followed by lactone formation was realized to furnish the known-
lactone (as a final key intermediate for the total synthesis of manzacidin C). Thus, a formal total 
synthesis of manzacidin C has been accomplished. The synthetic sequence was 11 steps. The 
results and discussions were clearly given in this chapter. 
Chapter V provides (1) a general summary for fruitful outcomes; (2) a proposal for an 
extensive application of the present study; and (3) general conclusions. 
Experimental and analytical parts provide detail data for optimization conditions of the 
reactions which were presented in Chapter II and Chapter IV. 
Supporting information provides the spectral data including 1H NMR, 13C NMR, HPLC 
spectra for optimization conditions of the reactions which were presented in Chapter II and 
Chapter IV.  
In summary, we have successfully developed: 
1) The 1,3-dipolar cycloaddition reactions of azomethine imines to methallyl alcohol utilizing 
chiral diisopropyl tartrate (DIPT) as a chiral auxiliary for the construction of the pyrazolidines 
possessing two contiguous stereogenic centers in which one is a quaternary carbon with complete 
diastereoselectivities, excellent enantioselectivities and in high chemical yields.  
2) An efficient synthetic methodology to access enantioselective formal total synthesis of 
manzacidin C in 11 step sequences with high to excellent chemical yields. The formal total 
synthesis of manzacidin C was accomplished through the removal of the C3 unit of the 
cycloadduct which produced by the asymmetric 1,3-dipolar cycloaddition of the phenyl-
substituted azomethine imine to methallyl alcohol using (S,S)-DIPT as a chiral auxiliary.  
It is noteworthy that the results from the present study would be widely applicable in synthetic 
chemistry and receive much attention from chemists because the conversion of the produced 
fused pyrazolidines to acyclic 1,3-diamine derivatives has not yet been achieved to the best of 
our knowledge although many asymmetric 1,3-dipolar cycloadditions of azomethine imines 
possessing pyrazolidinone moieties to olefins have been reported. 
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CHAPTER I: GENERAL INTRODUCTION 
This chapter provides general introduction for what I want to work on and how it are 
interesting, scientific, and realistic. Such contents consist of 1) context of the research area; 2) 
previous studies including key literatures; 3) research background; and 4) research objectives. 
These contents are clearly presented at the following sections. 
1.1. Manzacidin C  - An overview 
1.1.1. Characterization, application and scientific reality 
Bromopyrrole alkaloids have been recognized as a novel family of marine natural products 
which are known to exhibit a diverse array of prominent pharmacological activities. Their 
biological activities cover USP7 inhibitor, actomyosin ATPase activators, antagonists of 
serotonergic receptors, α-adrenoceptor blockers, antifungal activity, anti-inflammatory activity, 
antimicrobial activities etc.1 In addition to these compounds, more than 140 derivatives with 
different structures and biological activities have been isolated from more than 20 different 
sponges etc., reported by Rane group in 2014, a review for "marine bromopyrrole alkaloids".2 
In 1991, Kobayashi group reported the first isolation of three novel compounds, namely 
manzacidins A, B and C from an Okinawan sponge Hymeniacidon sp. and the isolation of 
manzacidin D from the coralline demosponge Astrosclera willeyana was then reported in 1997 
by another group, (Figure I-1). These compounds were realized to an unprecedented class of 
bromopyrrole alkaloids due to their intriguing structures, consisting of an ester-linked 
bromopyrrolecarboxylic acid and an unusual tetrahydropyrimidine ring.3  
 
Figure I- 1. Structure of manzacidins A-D. 
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Manzacidins have become as target natural products and attracted great attention from the 
synthetic community due to the facts that: (1) Such their unique structures containing an 
extraordinary tetrahydropyrimidine core bearing two consecutive stereogenic centers in which 
one of the amino groups is attached to quaternary carbon centers, and thereby manzacidins were 
expected to display a very rich source of bioactive molecules as those of other bromopyrrole 
alkaloids. However, a pharmacological profile of manzacidins has not yet been exploited due to 
the scare from natural sources. These led to a desire to obtain significant quantities of them for 
more comprehensive pharmacological studies. (2) On the other hand, a nitrogen substituted 
quaternary carbon stereogenic center not only exists in manzacidins but also displays in 
numerous natural products and the development of a synthetically useful method for 
enantioselective constructions of such structure motifs has been considering as one of the most 
formidable challenges in organic synthesis.4  
In other words, manzacidins are considered as highly potential candidates for examining new 
synthetic methodologies for the construction of such novel structures. Up to the present, 
accessing an enantioselective total synthesis of these compounds has been raising a significant 
attention from chemists. As a result, many research groups have reported their diverse 
approaches to attain manzacidins, demonstrating the power of novel synthetic methodologies. 
In 2012, Ohfune group has reported a review for an overview of the total synthesis of the 
manzacidins.5 Among these studies, the first synthesis from his group has proven as a precious 
guideline in the context of the natural product synthesis, manzacidins. Since their report, many 
efforts have been made to access enantioselective total synthesis of these compounds. 
In the framework of this dissertation, I will focus mainly on previous works for a total 
synthesis of manzacindin C which is the synthesized target compound of the present study.  
For the total synthesis of manzacidin C, seven studies have been reported, and thus I wish to 
provide a brief summary for such reports to realize the scientific reality of the present research 
area. 
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1.1.2. Previous works towards manzacidin C 
1.1.2.1. The first total synthesis of manzacidin C by applying Strecker synthesis                                   
(Ohfune group) 
In 2000, Ohfune group reported the first total synthesis of manzacidins A and C as well as the 
absolute configuration of these compounds was unambiguously confirmed. The synthetic 
sequence of manzacidin C included 15 steps and the overall yield was 3.5%.5,6  
 
Scheme I- 1. The first total synthesis of manzacidin C by applying Strecker synthesis. 
As shown in Scheme I-1, this route applied the asymmetric Strecker synthesis to construct 
(6S)-amino nitrile 4. At first, the Strecker precursor, D-Phe isomer 2 was prepared in 3 steps 
starting from (2S)-allylglycinol (1). Subsequently, selective removal of the Boc group in D-Phe 
isomer 2 afforded the corresponding imine 3. (6S)-amino nitrile 4 was constructed via the 
addition of nitrile to the imine occurred from the opposite side of the carbon subsituted benzyl 
group. The lactone was then prepared in 11 steps via the formation of the cyclic urea 5 and diol 6, 
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respectively. Construction of the tetrahydropyrimidine ring was then performed through 2 steps 
by treatment with trifluoroacetic acid and methylorthoformate in sequence. Manzacidin C was 
achieved by esterification of the tetrahydropyrimidine with bromopyrrolecarboxylate.  
1.1.2.2. Total synthesis of manzacidin C using rhodium catalyst by stereospecific C-H bond 
oxidation (Dubois group) 
In 2002, Dubois group reported a construction of the stereo-framework of manzacidin C via an 
oxidative C-H insertion of sulfamate esters under Rh catalysis. The synthetic sequence was 9 
steps and the overall yield was 32%.7   
 
Scheme I- 2. Total synthesis of manzacidin C by stereospecific C-H bond oxidation. 
As shown in Scheme I-2, the hydrogenated product 8 was prepared by the diastereoselective 
hydrogenation of homoallyl alcohol 7 using Rh[((S,S)-Et-DUPHOS)(cod)]OTf. Following 
sulfamoylation of 8 with ClSO2NCO afforded sulfamate 9 in a diastereomer mixture (>95:5) in 
which a minor diastereomer could be completely removed. Then 9 in a single diastereomer form 
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was subjected to an oxidative cyclization in the presence of catalytic mount of Rh2(OAc)4 and 
PhI(OAc)2 to generate the oxathiazinane 10 in a regio- and stereoselective manner. The ring-
opened product 11 was then obtained from 10 in two sequent reactions, that are Boc-protection 
and SN2-type reaction using sodium azide group. The key tetrahydropyrimidine was smoothly 
produced from 11 through more 3 steps. Manzacidin C was finally achieved by the esterification 
reaction as mentioned in Scheme I-1. 
1.1.2.3. Total synthesis of manzacidin C using asymmetric aza-Mannich reaction      
(Lanter group) 
In 2005, Lanter group reported an application of asymmetric aza-Mannich reaction to access 
enantioselective total synthesis of manzacidin C by utilizing chiral sulfinimine anions as the 
nucleophile and N-sulfonyl aldimine as the electrophile to afford the corresponding condensation 
product in good yield and highly diastereoselective manner. The synthetic sequence was 9 steps 
and the overall yield was 27%.8   
 
Scheme I- 3. Total synthesis of manzacidin C using asymmetric aza-Mannich reaction. 
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As shown in Scheme I-3, β-sulfonamido sulfinyl imine 14 was obtained in 85% yield (dr: 
>99:1) by the reaction of sulfinyl imine 12 and N-sulfonyl aldimine 13 via deprotonation step of 
12 using lithium bis(trimethylsilyl)amide (LHMDS). Subsequent 2 steps of an addition of 
methylmagnesium bromide to the resulting β-sulfonamidosulfinyl imine 14  and deprotection of 
the sulfinyl group in a mixture of HCl / dioxane provided the diamine 15 in a single diastereomer 
and good chemical yield (65%). 16 was then obtained after 2 steps involving cyclization and Bus 
(N-tert-butanesulfonyl) deprotection. Construction of the tetrahydropyrimidine was performed 
via following 3 reactions: ozololysis, oxidation and deprotection, respectively. Manzacidin C 
was finally achieved by the esterification reaction using standard method (Scheme I-1). 
1.1.2.4. Total synthesis of manzacidin C based on cycloaddition methodologies                
(Sibi group and Leighton group) 
a) Total synthesis of manzacidin A and (ent)-manzacidin C using Lewis acid-catalyzed 
asymmetric 1,3-dipolar cycloaddition by Sibi group 
In 2007, Sibi group reported an efficient synthesis of manzacidin A and (ent)-manzacidin C 
based on an enantioselective 1,3-dipolar cycloaddition of a diazoester to a pyrazolidinone imide.9 
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Scheme I- 4. Total synthesis of manzacidin A and (ent)-manzacidin C using Lewis acid 
catalyzed asymmetric 1,3-dipolar cycloaddition. 
 
As shown in Scheme I-4, cycloaddition of ethyl diazoacetate (18) to unsaturated 
pyrazolidinone imide 17 gave the corresponding cycloadduct 19 in 99% yield with 97% ee in the 
presence of 30 mol% of Mg(NTf2)2 and chiral ligand. 20 was prepared by two reactions 
including a reduction of 19 to the corresponding amino alcohol and subsequent treatment with 
trimethyl orthoformate. The desired tetrahydropyrimidine core was then constructed by the 
treatment of 20 with Raney-nickel/H2 which was used directly for the esterifcation with 4-
bromo-2-trichloroacetylpyrrole. As the result, an 85:15 diastereomeric mixture of manzacidin A 
and (ent)-manzacidin C was obtained. 
b) Total synthesis of manzacidin C using chiral silicon-based Lewis acid-promoted 
asymmetric [3+2] cycloaddition by Leighton group 
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In 2008, Leighton group reported a short synthesis of manzacidin C using chiral silicon-based 
Lewis acid-promoted asymmetric [3+2] cycloaddition. The synthetic sequence was 6 steps and 
the overall yield was 26%. This report is the first synthesis of any of the manzacidins wherein 
the C(4) and C(6) stereocenters are constructed in a single step with highly stereoselectivity. 10   
 
Scheme I- 5. Total synthesis of manzacidin C using chiral silicon-based Lewis acid promoted 
asymmetric [3+2] cycloaddition. 
 
As shown in Scheme I-5, 24 was constructed in 73% yield with excellent selectivity (>20:1), 
and 94% ee by the cycloaddition reaction of 21 and 22 promoted by the optically active silane 
(R,R)-23 and AgOTf. Subsequently, 25 was prepared by a formylation reaction of 24 to provide 
the final carbon for the synthesis of the tetrahydropyrimidine ring. 26 was then produced through 
a reduction with SmI2. Construction of the key tetrahydropyrimidine was attained in more 2 steps. 
The synthesis was accomplished by the esterification reaction according to the procedure of 
Ohfune group (Scheme I-1). 
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1.1.2.5. Total synthesis of manzacidin C using diastereoselective hydrogenation reaction of 
optically active α ,β  -unsaturated esters (Ohfune group) 
In 2008, Ohfune group reported the total synthesis of manzacidin C using diastereoselective 
hydrogenation reaction of optically active α,β -unsaturated esters. The synthetic sequence was 9 
steps and the overall yield was 21.6%.11 
 
Scheme I- 6. Total synthesis of manzacidin C using diastereoselective hydrogenation of         
α,β-dehydroamino acid ester. 
 
As shown in Scheme I-6, the synthesis began with the chiral α-methylserine esters 27. The 
TBS-protected derivatives 29 was prepared from 27 through three reactions including silylation, 
reduction, oxidation, and olefination with 28, respectively. The olefination reaction allowed the 
stereoselective formation of Z-isomer (>20:1). 29 was then subjected to the reduction with the 
(S,S)-Rh catalyst provided (2S,4S)-31 as the major product (30:31 = 1:8). The resulting 31 was 
converted to manzacidin C in 3 following sequence of transformation, including hydrolysis of 
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the methyl ester, removal of Boc groups and esterification. Thus, this synthesis was 
accomplished as their second generation total synthesis of manzacidin C. 
1.1.2.6. Formal total synthesis of manzacidin C (Deng group and Ichikawa group) 
a) Formal total synthesis of manzacidin C (Deng group) 
In 2007, Deng group reported a formal total synthesis of manzacidin C by applying cinchona 
alkaloid catalyst for the construction of 1,3-tertiary-quaternary centers. The formal total 
synthesis was 9 steps,12 (Scheme I-7). 
The developed catalyst acted as dual-function chiral catalysts are that of an asymmetric 
conjugate addition-protonation reaction, which could well-control the stereoselective formation 
of 1,3-tertiary and quaternary stereogenic centers corresponding to those of manzacidin C.  
 
Scheme I- 7. Formal total synthesis of manzacidin C by using cinchona alkaloid catalyzed an 
asymmetric Michael addition. 
 
As shown in Scheme I-7, an asymmetric Michael addition of S-methyl 2-cyanopropanethioate 
to 1-chloro-1-isocyanoethene catalyzed by cinchona alkaloid catalyst (10 mol%) gave the 
corresponding Michael adduct with excellent yield (98%) and stereoselectivity (dr = 9:1, ee = 
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96%). The known diol 6 (11%, 94% ee, single diastereomer) was then constructed through 8 
steps. Manzacidin C could be easily accessible in more 4 steps according to the reported 
procedure of Ohfune group (Scheme I-1). Thus, this study accomplished as the formal total 
synthesis of manzacidin C.  
b) Total synthesis of manzacidin C using allyl cyanate-to-isocyanate rearrangement  
The most recent report in 2012, Ichikawa group has developed a formal total synthesis of 
manzacidin C via an allyl cyanate to isocyanate [3,3] sigmatropic rearrangement. The formal 
synthesis was 16 steps, (Scheme I-8).13 
 
Scheme I- 8. Formal total synthesis of manzacidin C using allyl cyanate-to-isocyanate 
rearrangement. 
 
As shown in Scheme I-8, the synthesis began with (+)-methyl D-lactate (32) as a precursor 
chiral center for the later step rearrangement. In particularly, (+)-methyl D-lactate (32) was 
converted to the dienamide ester 33 through 6 steps. Subsequently, asymmetric hydrogenation 
using Rh[((S,S)-Et-DUPHOS)(cod)]OTf catalyst furnished the γ,δ-unsaturated amino acid 34 in a 
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single diastereomer. The allyl carbamate 35 was then prepared through more 3 steps from the 
γ,δ-unsaturated amino acid 34. Subsequently, dehydration of the allyl carbamate 35 provided the 
ally cyanate 36 underwent the ally cyanate-to-ally isocyanate [3,3] sigmatropic rearrangement 
furnished the corresponding ally isocyanate 37. The isocyanate 37 was immediately transformed 
to the Boc-carbamate 38. The known lactone was then attained in 3 steps from 38. The following 
transformations from the employed lactone to manzacidin C could be performed in the same 
manner which was reported by Ohfune group (Scheme I-1), hence this study accomplished as a 
formal total synthesis of manzacidin C.  
1.1.3. Conclusion for the previous works towards manzacidin C 
As mentioned above, many efforts towards manzacidin C have been made. As the matter of 
fact that, diversified approaches on the construction of its stereo-framework wherein a nitrogen 
substituted chiral quaternary carbon center have been explored. Most of research performed has, 
however, been on diastereoselective reactions imply optically active substrates, except the study 
of Leighton group and Deng group. Thus, this field still exists a drive to discover a direct and 
versatile method to enhance the utility of synthesized methods. 
Furthermore, to be able to meet the increasing demands in organic synthesis in terms of 
selectivity, atom economy or efficient reaction etc., there is no doubt that the development of a 
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1.2. General aspects for the 1,3-dipolar cycloaddition reaction 
This section provides a general aspect for the 1,3-dipolar cycloaddition to realize  the 
significant roles of  these reactions in organic synthesis  as well as to have a correct assessment 
for an orientation of the present study. 
It is should be noticed that, the chemistry of the 1,3-dipolar cycloaddition reaction has far 
studied and a great number of different reactions have been well developed. The extensive 
applications of the 1,3-dipolar cycloadditions have been also discovered. Therefore, enormous 
amount of literatures has been ideally reported on this field. Herein, I wish to quote the basic 
aspects of the 1,3-dipolar cycloaddition on the basis of reported literatures (i.e. textbooks, 
research articles, or reviews).14, 15, 16 
1.2.1. The role of the 1,3-dipolar cycloaddition 
The 1,3-dipolar cycloaddition reaction is the classic reaction in modern synthetic organic 
chemistry. To date, this reaction has been proven as the powerful tool for the construction of 
heterocycles containing simple to complex ring system. Specifically, the 1,3-dipolar cyloaddition 
is the most important method for the construction a series of five membered heterocyclic rings 
which are found in numerous types of useful chemicals in synthetic chemistry as well as in 
pharmaceuticals, agrochemicals, or naturally occurring bioactive compounds, etc.14, 15 
1.2.2. The 1,3-dipoles 
The 1,3-dipoes have already recognized and described in reported literatures as follows. 
The 1,3-dipoles consist of elements from main group IV, V and VI. The parent 1,3-dipole 
consists of element from the second row and the central atom of the dipole is limited to N or O. 
Thus, a limited number of structures can be formed by permutation of N, C and O.14  
If higher row elements are excluded, twelve allyl anion type and six propargyl - allenyl anion 
type 1,3-dipoles can be obtained, (Figure I-2). 
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Figure I- 2. 1,3-Dipolar types. 
1.2.3. The 1,3-dipolarophiles 
The most common dipolarophiles are also well-determined and they involve some types which 
are listed as the below. 
1) Multiple-bonded hydrocarbons (i.e. alkenes and alkynes). 
 2) Unsaturated carbonyl compounds (i.e. α,β-unsaturated  aldehydes,  ketones, or esters). 
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 3) Unsaturated compounds containing heteroatoms (i.e. allylic alcohols, allylic halides, 
vinylic  ethers, imines, nitriles, nitroso, azo). 
1.2.4. Mechanic aspects 
The mechanism of 1,3-dipolar cycloaddition has been extensively investigated. To the end, it 
was concluded that this mechanism complies with a concerted reaction. The concerted reaction 
results from the overlap of orbitals of one molecular (dipole) with the orbitals of the other 
(dipolarophile).15 The transition state of the concerted 1,3-dipolar cycloaddition reaction is 
controlled by the frontier molecular orbitals (FMO) of the substrates. The LUMO (lowest 
occupied molecular orbital) of dipole interacts with the HOMO of alkene and the HOMO 
(highest occupied molecular orbital) of dipole interacts with the LUMO of alkene.14 
The 1,3-dipolar cycloaddition reactions are classified into three types based on the relative 
FMO energies between the dipole and the dipolarophile,14 (Figure I-3). 
 
Figure I- 3. FMO diagram of 1,3-dipolar cycloaddition reaction. 
Type I: The dominant FMO interaction is that of the HOMO of dipole with the LUMO of 
dipolarophile.  
Type II: The similarity of the dipole and dipolarophile FMO energies implies that both 
HOMO-LUMO interactions are important. 
 Type III: Cycloaddition reactions are dominated by the interaction between the LUMO of 
dipole and the HOMO of dipolarophile. 
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As shown in Figure I-4, examples for the reactions of dipolars to form a five membered ring 
are illustrated, involving allyl anion-type and propargyl/allenyl anion-type. To be more specific, 
when 1,2-disubstituted alkenes are used in concerted 1,3-dipolar cycloaddition reactions, two 
new chiral centers are formed in a stereospecific manner because of the syn attack on the double 
bond.14 Consequently, the relative stereochemistry at C-4 and C-5 is always controlled by the 
geometric relationship of the substituents on the alkene.14 Depending on the structure of the 
dipolar (steric and electronic nature) or reaction conditions (temperature, solvent, etc.), up to four 
new contiguous chiral centers can be formed in a single operation.  
 
Figure I- 4. An illustration for the 1,3-dipolar cycloaddition reaction. 
1.2.5. Advantages and drawbacks of the 1,3-dipolar cycloaddition 
1.2.5.1. Advantages of the 1,3-dipolar cycloaddition 
The highlights of the 1,3-dipolar cycloaddition have been studied as follows. 
1) The 1,3-dipolar cycloadditions are considered as the most prevalent and useful method for 
the construction of  novel five-membered heterocycles.  
2) These reactions are amenable to Lewis acid catalyst and can be carried under mild 
conditions to control the selectivity (i.e. regioselectivity, diastereoselectivity, and 
enantioselectivity). 
3) The bond formation, ring construction, stereoselectivity manner could be well-controlled in 
a single operation with high levels. 
1.2.5.2. Drawbacks of the 1,3-dipolar cycloaddition 
The main drawbacks of the 1,3-dipolar cycloaddition were also realized as follows: 
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1) The use of 1,3-dipolar cycloaddition may be difficult to directly generate larger or smaller 
rings. 
2) Harsh conditions may be required for these reactions (high temperature, prolong reaction 
time, etc.). 
3) Sensitive and unstable substrates (i.e. azomethine imines) are probably not withstand with 
the harsh reaction conditions. 
4) Products are usual generated in an racemic form if a certain control is not imposed on the 
1,3-cycloaddition reaction. 
1.2.6. Conclusion for general aspects of the 1,3-dipolar cycloaddition  
The concerted cycloaddition reactions have been well-known as the most powerful tool for the 
control of the selectivity (i.e. regioselectivity, diastereoselectivity, and enantioselectivity) of 
organic molecules. To date, the most challenging for the 1,3-dipolar cycloaddition reaction is to 
control the absolute stereoselectivity of the reaction and the use of chiral catalysts has been 
found to be a crucial method to deal with this issue. Nevertheless, the development of metal-
catalyzed asymmetric 1,3-dipolar cycloaddition reactions of various dipoles is still in initial 
phase. Thus, this research field is probably going to continue and the future development 
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1.3. Our previous works - Research background 
This section provides a brief summary for our previous works, selecting from reported original 
papers and reviews of our research group. Such selected contents are presumed as a solid 
background for the present study. It should be noted that some contents (i.e our fundamental 
concepts, hypotheses) are presented here as a verbatim reprint under an agreement of our 
research group. 
As mentioned in Section 1.2, in order to develop a practical method for the construction of 
optically active heterocycles towards asymmetric metal-catalyzed 1,3-dipolar cycloaddition 
reactions, our research group has designed a novel asymmetric reaction system possessing multi-
metal centers utilizing tartaric acid ester as a chiral auxiliary. Based on this concept, a series of 
asymmetric Simmons-Smith reaction, asymmetric 1,3-dipolar cycloaddition reactions, and 
asymmetric nucleophilic additions have been well-developed. Hereinafter, we focus mainly on 
our recent advances in asymmetric cycloaddition reactions of nitrile oxides, nitrones and 
azomethine imines, which are the most relevant to the present study. 
1.3.1. Concepts for an asymmetric 1,3-dipolar cyloadditions based on chiral 
multinucleating system utilizing tartaric acid esters 
Our designed chiral multinucleating system utilizing tartaric acid esters was generally 
explained as follows: The designed chiral reaction system possessing two metal centers on a 
tartaric acid ester was demonstrated in Figure I-5A17 If reactants A and B were bound to two 
different metal centers M1, M2 of the dialkoxide, which was derived from tartaric acid ester and 
might form a rigid 5/5-fused bicyclic dinucleating structure, both reactants might be ideally 
oriented and/or activated by the metals, and the subsequent reaction might proceed in a regio-, 
stereo-, and enatioselective maners to afford the corresponding optically active products. And, as 
shown in Figure I-5B is an illustrated example for our concept of the desired chiral 
multinucleating system utilizing tartaric acid esters. In particularly, the third metal M3 could be 
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assembled by coordination of ester carbonyl and alkoxide oxygens, and reactant C bound to M3 
could take part in the reaction.17 
 
Figure I- 5 (A, B). Illustration for the concept of an asymmetric 1,3-dipolar cyloaddition on 
the basic of chiral multinucleating system utilizing tartaric acid esters. 
 
1.3.2. Asymmetric 1,3-dipolar cycloaddition of nitrile oxides and nitrones 
From 1993 to 2000, our research group has developed a mass of an asymmetric 1,3-dipolar 
cycloaddition of nitrile oxides and nitrones; nevertheless, these are shortly summed up in 
(Scheme I-9 and I-10 involving equations I-1, I-2 and I-3).  
1.3.2.1. Asymmetric 1,3-dipolar cycloaddition of nitrile oxides 
For the cases of an asymmetric 1,3-dipolar cycloaddition of nitrile oxides, the idea was 
presented as follows: when nitrile oxide is generated in situ from hydroximoyl chloride by the 
treatment with ethylzinc moiety as a base. The stereochemical course of nitrile oxide coordinated 
to the chiral zinc species was anticipated to be controlled efficiently; their intermediates were 
proposed as 40 and 41. In accordance with this hypothesis, the asymmetric 1,3-dipolar 
cycloaddition of nitrile oxides to allylic alcohols 39 was realized to afford the corresponding 2-
isoxazolines 42 with excellent enantioselectivities (Equation I-1).  
When a catalytic amount (0.2 equiv) of diisopropyl (R,R)-tartrate [(R,R)-DIPT] was employed, 
the asymmetric 1,3-dipolar cycloaddition of nitrile oxides to allyl alcohol (39A) furnished 2-
isoxazolines 42A with the selectivity of up to 93% ee by the addition of a small amount of 1,4-
dioxane (Equation I-2). This method was the first catalytic enantioselective 1,3-dipolar 
cycloaddition of nitrile oxides with alkenes, and this remarkable method has efficiently applied 
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Scheme I- 9. Application of the asymmetric 1,3-dipolar cycloaddition of nitrile oxides to the 
total synthesis of (–)-lasubine II. 
 
1.3.2.2. Asymmetric 1,3-dipolar cycloaddition of nitrones 
The asymmetric 1,3-dipolar cycloaddition of nitrones instead of nitrile oxides was also 
realized: The nitrones 43 possessing an amide moiety were reacted with allylic alcohols 39 (R2, 
R3 = H) by the use of a catalytic amount of (R,R)-DIPT as a chiral auxiliary, providing the 
  
 Page 21 
corresponding 3,5-cis-isoxazolidines 44 with high regio-, diastereo-, and enantioselectivities up 
to over 99% ee (Equation I-3). This asymmetric 1,3-dipolar cycloaddition was applied to the 
synthesis for the (2S,4R)-4,5-dihydroxynorvaline derivative 46, which is a key component of 




Scheme I- 10. Application of the asymmetric 1,3-dipolar cycloadditions of nitrones to the 
synthesis of a key component of polyoxin E. 
 
1.3.3. Asymmetric 1,3-dipolar cycloaddition of azomethine imines 
Although a lot of cycloadditions of nitrone possessing nitrogen and oxygen atoms have been 
so far developed, the cycloaddition of 1,3-dipoles with two nitrogen atoms were still limited.21 
Therefore, our research group has paid a significant attention to develop the enantioselective 1,3-
dipolar cycloaddition of azomethine imines in the growing course of our research interest. 
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From 2008 to 2014, we have developed asymmetric 1,3-dipolar cycloadditions of azomethine 
imines to various alcohols to afford the corresponding optically active pyrazolidines. The 
following items will describe in detail for those works. 
1.3.3.1. Asymmetric 1,3-dipolar cycloaddition of azomethine imines to allyl alcohol  
First the 1,3-dipolar cycloaddition of 1-alkylidene-3-oxopyrazolidin-1-ium-2-ide 47 was 
examined. In this case, a magnesium-mediated system instead of the zinc-mediated system was 
found to be effective to realize the asymmetric 1,3-dipolar cycloaddition. The addition order of 
reagents was that: to a mixture of allyl alcohol (39A) and (R,R)-DIPT were added 
alkylmagnesium bromide and azomethine imines 47, respectively. The reactions proceeded 
smoothly to afford the corresponding pyrazolidines 48 in good chemical yields (50-81%), and 
excellent enantioselectivities (88-96%) with various substrates substituted azomethine imines 47 
were examined (e.g. aromatic and aliphatic substituents), (Scheme I-11).17a, 22   
 
Scheme I- 11. Stoichiometric asymmetric 1,3-dipolar cycloaddition of azomethine imines 
to allyl alcohol. 
 
In order to improve this method, our research group has paid efforts to establish the catalytic 
reaction system (Scheme I-12). Toward reproducible higher enantioselectivity, the addition of an 
equimolar amount of MgBr2 was crucial and the use of alkylmagnesium chloride as a Grignard 
reagent to generate magnesium alkoxides improved the enantioselectivity. The catalytic 
asymmetric cycloaddition of several azomethine imines 47 (e.g. aryl-substituted azomethine 
imines, and pentyl-, cyclohexyl-, t-butyl-substituted ones) to allyl alcohol (39A) was performed. 
The results indicated that, all reactions proceeded in an enantioselective manner, providing the  
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corresponding cycloadducts in good to high chemical yields (54-74%) and very high 
enantioselectivities (81-93%). 
 
Scheme I- 12. Catalytic asymmetric 1,3-dipolar cycloaddition of azomethine imines 
to allyl alcohol. 
 
1.3.1.2. Asymmetric 1,3-dipolar cycloaddition of azomethine imines to 1,4-pentadien-3-ol 
Next, the present method was applied to control stereochemistry of mutichiral carbon centers. 
As shown in Scheme I-13, when a prochiral divinylcarbinol, 1,4-pentadien-3-ol (49), was chosen 
as a 1,3-dipolarophile, asymmetric 1,3-dopolar cycloaddition by desymmetrization was realized 
to afford the corresponding optically active pyrrazolizines 50 possessing three chiral centers with 
complete diastereoselectivities as well as excellent yields (75-98%) and enantioselectivities 
(99%), except the low chemical yield in the case of pentyl substituent (33%) and high 
enantioselectivity (92%) in the case of t-butyl substituent.17a, 23  
 
Scheme I- 13. Stoichiometric asymmetric 1,3-dipolar cycloaddition of azomethine imines 
to 1,4-pentadien-3-ol. 
As shown in Scheme I-14, the catalytic version using 0.2 equiv of (R,R)-DIPT, chemical 
yields were not satisfactory (13-75%). However, enantioselectivities were still excellent by the 
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addition of MgBr2 (79-98%). 
 
Scheme I- 14. The catalytic asymmetric 1,3-dipolar cycloaddition of azomethine imines 
to 1,4-pentadien-3-ol. 
 
1.3.1.3. Asymmetric 1,3-dipolar cycloaddition of azomethine imines to homoallylic alcohols  
In order to synthesize optically active nitrogen containing chemicals with oxygen 
functionalities, it would be ideal to employ various types of unsaturated alcohol as a 1,3-
dipolarophile. Regard to such perspectives, our research group has developed a stoichiometric 
and a catalytic asymmetric 1,3-dipolar cycloaddition of azomethine imines 47 to a one-carbon 
homologated homoallylic alcohols 51A and 51B. 
 The asymmetric 1,3-dipolar cycloaddition of azomethine imines 47 to homoallylic alcohol 
51A was first examined, all reactions could proceed well to give to corresponding 52A with very 
high to excellent yields (71-85%) and enantioselectivies (91-99%), except for low chemical yield 
(24%) in the case of pentyl substituent (Scheme I-15). 
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For the catalytic version, addition of MgBr2 was again effective to realize the enhanced 
enantioselectivities. Aryl-substituted azomethine imines realized excellent enantioselectivities 
(93-94%). The cycloaddition of pentyl-, cyclohexyl- and t-butyl substituted ones proceeded with 
moderate to good enantioselectivities (65-83%). Chemical yields also were high enough (72-
90%), except for the low yield (23%) in the case of pentyl substituent (Scheme I-16).17a, 23e  
 
Scheme I- 16. Catalytic asymmetric 1,3-dipolar cycloaddition of azomethine imines 
to homoallylic alcohol. 
 
The 1,3-dipolar cycloaddition of 47a to other homoallylic alcohol was next examined. 
Although the reaction with (E)-3-penten-1-ol did not proceed, 3-methyl-3-buten-1-ol (51B) 
could be a suitable dipolarophile to afford a cycloadduct 52Ba with excellent enantioselectivity 
of 95% ee, as shown in scheme I-17. 
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1.3.1.4. Conclusions for our previous works towards asymmetric 1,3-dipolar cycloadditions  
On the whole, our research group has well-developed asymmetric 1,3-dipolar cycloadditions 
of nitrile oxides, nitrones, and azomethine imines based on our concepts of the designed chiral 
multinucleating system utilizing tartaric acid esters. The cycloadducts were achieved with 
excellent regio-, diastereo-, and enantioselectivities and some of those have successfully applied 
to the synthesis of the bioactive five membered heterocycles. 
In addition, among the numerous types of known organic reactions are available, the use of 
1,3-dipolar cycloaddition reactions for the construction of useful five membered hetereocycles 
has been elucidated as the most power tool in organic synthesis. 
On the basic of our remarkably achieved results and the significant roles of the 1,3-
dipolarcycloadition in organic synthesis, there is no denying the fact that the pursuit of our 
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1.4. Research orientation 
With regard to the growing tendency on the total synthesis of natural target compounds, 
manzacidins in general and of manzacidin C in particular, along with our research interest in 
asymmetric 1,3-dipolar cycloaditions, we envisaged that: If sterically demanding alcohols like 
methallyl alcohol 53 was used as a 1,3-dipolarophile in an asymmetric 1,3-cycloadition of 
azomethine imines utilizing diisopropyl (S,S)-tartrate [(S,S)-DIPT] as a chiral auxilary, the 
reactions might be proceeded to afford the corresponding pyrazolidines possessing a chiral 
quaternary carbon. And, if this occurred, when azomethine imine 47a was used, the 
corresponding pyrazolidine 54 could be attained. In consequences, the envisaged study was able 
to be applied to the synthesis of manzacidin C because the constructed pyrazolidine and 
manzacidin C possessing the same stereo-framework, (Figure I-6).  
 
Figure I- 6. Envisaged synthetic methodology for the synthesis of manzacidin C. 
 
According to above mentions, I wish to pursuit these challenges with an aspiration to be able 
to contribute a new synthetic methodology regard to the research fields. 
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1.5. Research objective 
On the basis of (1) the relevant previous studies, (2) the context of the mentioned research 
areas, (3) the given convincing arguments involving scientific data; the objectives of the present 
study are decided as follows: 
1) Direct construction of optically active pyrazolidines possessing a nitrogen substituted a 
chiral quaternary carbon center in high chemical yields, excellent enantioselectivities and 
complete diastereoselectivities by asymmetric 1,3-cycloaddition reactions of azomethine imines 
to methallyl alcohol. 
2) Development of an efficient synthetic methodology for the total synthesis of manzacidin C 
based on the developed asymmetric 1,3-cycloadition reactions. 
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CHAPTER II: HIGHLY ENANTIOSELECTIVE 1,3-DIPOLAR CYCLOADDITION OF 
AZOMETHINE IMINES UTILIZING TARTARIC ACID ESTER AS A CHIRAL 
AUXILIARY (A Direct Construction of a Pyrazolidine Derivative Possessing the Stereo-
Framework of Manzacidin C) 
 
This chapter provides detail results for examinations of: 
1) Construction of optically active pyrazolidines possessing a quaternary carbon center by the 
1,3-dipolar cycloaddition reaction of azomethine imines to methallyl alcohol utilizing tartaric 
acid ester as a chiral auxiliary. 
2) A proposed application of a produced cycloadduct to the synthesis of a bioactive compound, 
manzacidin C. 
Notes: In this dissertation, the entries of examined reactions which are displayed in the 
corresponding tables, schemes, figures and texts will be written in a short.  For instance, "(Entry 
1-TTXYZ) will be denoted as Entry 1", and other entries are written in the same style. 
Such contents are described as the following sections. 
2.1. Enantioselective 1,3-dipolar cycloaddition of azomethine imines to methallyl alcohol 
(Initial procedure) 
As mentioned in Chapter 1, Section 1.3.3, our research group has reported the 1,3-dipolar 
cycloaddition of azomethine imines to the corresponding alcohols (allyl alcohol, 1,4-pentadien-
3-ol, or homoallylic alcohols). The addition order of reagents was that: to a mixture of the 
alcohol and (R,R)-DIPT was treated with a Grignard reagent, followed by the addition of an 
azomethine imine. The optimization of conditions for such reactions were also realized. In 
particular: (1) Grignard reagents (RMgBr or RMgCl); (2) solvents (MeCN or EtCN); (3) 
temperature (0-80 oC) and reaction time (2-5 days) were found to be compatible with the 
examined reactions, affording the corresponding pyrazolidines with the excellent 
enantioselectivities.17a Therefore, in the present study, the 1,3-dipolar cycloaddition of 
azomethine imines to methallyl alcohol was first developed according to our previous procedure.  
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2.1.1. General procedure (Initial procedure) 
First, the asymmetric 1,3-dipolar cycloaddition of azomethine imine 47a to methallyl alcohol 
(53) utilizing tartaric acid ester (DIPT) as a chiral auxiliary was examined according to the 
previously reported procedure. The general procedure was that: To a mixture of methallyl 
alcohol (53) (x equiv) and (R,R)-DIPT (1.0 equiv) in a solvent was treated with a Grignard 
reagent (y equiv), followed by the addition of an azomethine imine  47a (1.0 equiv) at 0 °C, and 
then the reaction mixture was heated at 80 °C for 5 d.   
2.1.2. Optimization conditions (Initial procedure) 
The reaction conditions were optimized by the screening of halogens in Grignard reagents, 
solvents, amount of the used alcohol and the addition method of azomethine imines. These 
results are summarized in Table II-1, Entries 1-7. 
To a mixture of methallyl alcohol (53) (1.0 equiv) and (R,R)-DIPT (1.0 equiv) in MeCN was 
treated with MeMgBr (3.0 equiv), followed by the addition of MeCN solution of azomethine 
imine 47a (1.0 equiv) at 0 °C, and then the reaction mixture was heated at 80 °C. The 
cycloaddition proceeded rather slowly. After 5 d, the corresponding pyrazolidine 54a was 
obtained as a single diastereomer in moderate yield (48%) and with high enantiosectivity (90% 
ee), (Table II-1, Entry 1). The chemical yield was not sufficient, we thus tried to improve 
chemical yield by the examination of 2.0 equiv of the alcohol 53 for this reaction. The reaction 
proceeded in a similar manner, but both of chemical yield (42%) and ee (50%) were lower than 
those of 1.0 equiv of 53 was used (Table II-1, Entry 2). 
In an attempt to improve chemical yield, we screened the influence of halogens in Grignard 
reagents and solvents on the reaction. As shown in Table II-1, Entry 3, when alcohol 53 (1.0 
equiv), n-BuMgCl (3.0 equiv) and solvent C2H5CN were used, the cycloadduct 54a was obtained 
in lower yield (20%) yield and ee (82%).  
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We next investigated the influence of amount of alcohol 53 and the addition method of 
azomethine imines 47a to the reaction mixture. In the case of 2.0 equiv of 53 was used and 
azomethine imine 47a in EtCN (suspension state) was added to the reaction mixture, the 1,3-
dipolar cycloaddition proceeded to give the cycloadduct 54a in moderate yield (47%) and good 
ee (82%), (Table II-1, Entry 4). In the case of 47a was slowly added to the reaction mixture as a 
EtCN solution, the cycloadduct 54 could be obtained in better chemical yields (57-61%) and 
slightly improved enatioselectivies (82-85%), (Table II-1, Entries 5-6). 
The influence of reaction scale was also surveyed. Particularly in a larger scale of the 
azomethine imine 47a (17.0 mmol) was slowly added to the reaction mixture as a solid and 
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alcohol 53 (2.0 equiv) was used; the 1,3-dipolar cycloaddition reaction smoothly proceeded, 
providing the cycloadduct 54a in higher yield (66%) and ee (87%), (Table II-1, Entry 7). 
Based on the examined reactions under various conditions, these results suggest that the 
chemical and optical yields fluctuated. 
2.1.3. Scope of substrates (Initial procedure) 
Next asymmetric cycloaddition of several azomethine imines 47 to methallyl alcohol (2.0 
equiv) was performed in EtCN at 80 oC. The general procedure was that: 
To a EtCN (5.0 mL) solution of methallyl alcohol (53) (0.44 g, 6.0 mmol) and a C2H5CN (5.0 
mL) solution of (R,R)-DIPT (diisopropyl tartrate) (0.704 g, 3.0 mmol) was added 
ethylmagnesium chloride (12.8 mL of a 0.94 M solution in THF, 12.0 mmol) at 0 oC under an 
argon atmosphere. The resulting mixture was stirred for 1 h at 0 oC, followed by an addition of a 
EtCN solution of azomethine imine 47a (3.0 mmol, 1.0 equiv.) to the mixture. The reaction was 
stirred at 0 oC for an additional 1 h, at rt for 1 h, and then 5 d at 80-90 oC.  
The reaction was quenched by the addition of a saturated aqueous solution of NH4Cl and the 
mixture was subsequently extracted with CHCl3 and H2O. The combined extracts were dried 
over Na2SO4 and concentrated under reduced pressure. The residue was purified by column 
chromatography (SiO2, Hexane/AcOEt = 1/5 to 1/20, then AcOEt/MeOH = 20/1 to 10/1) to give 
the corresponding pyrazolidine 54a. In a similar manner, pyrazolidines 54b-54e were obtained 
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    Table II- 2. Scope of substrates under optimized conditions of the initial procedure. 
 
Among substrates used, aryl-substituted azomethine imine 47a and 47b realized good yield 
(almost 60%) and high ee (82-91%), (Table II-2, Entries 1-3). In the case of 4-chlorophenyl-
substituted azomethine imine 47c, the cycloadduct 54c was obtained in slightly decreased yield 
(50%) and ee (81%). The cycloaddition of a cyclohexyl-substituted azomethine imine 47d 
afforded 54d in 60% yield and with lower ee (77%). A t-butyl-substituted azomethine imine 47e 
resulted in high yield (74%) and ee (83%). 
2.2. Highly enantioselective 1,3-dipolar cycloaddition of azomethine imines to methallyl 
alcohol (Improved procedure) 
It is obviously that most chiral drugs can be administered safely only in the enantiomerically 
pure form.14 Therefore, improving the enantioselectivity of the produced products in an 
asymmetric synthesis is absolutely necessary.   
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The constructed pyrazolidine by the developed 1,3-dipolar cycloaddition of the phenyl-
substituted azomethine imine 47a to methallyl alcohol (53) by the use of (S,S)-DIPT was planned  
to be used to synthesize manzacidin C, a naturally occurring bioactive compound. Therefore, the 
produced pyrazolidine possessing the stereo-framework of manzacidin C is certainly required to 
be with enantiomeric excess. In this regard, we tried to improve the synthetic procedure of the 
asymmetric 1,3-dipolar cycloaddition to be able to reach the enantiomerically pure compounds. 
2.2.1. General procedure (Improved procedure) 
In this improved procedure, we determined the optimal procedure of adding the Grignard 
reagent last to the mixture of the azomethine imine 47a, methallyl alcohol (53), and chiral DIPT 
instead of the middle stage as mentioned in the initial procedure.  
The general procedure was that: to a mixture of azomethine imine possessing a pyrazolidinone 
skeleton 47 (1.0 equiv) and DIPT (y equiv) was added an MeCN solution of methallyl alcohol 
(53) (x equiv) under an argon atmosphere. Following, a certain amount of a solvent was added to 
the reaction mixture. The resulting mixture was stirred at room temperature for 30 min and then 
cooled to 0 oC. Subsequently, a Grignard reagent (z equiv) was slowly added to the mixture. The 
reaction was then stirred at 0 oC for 0.5 h, at rt for 1 h and then 7 d at 80 oC.  
The reaction was quenched by the addition of a saturated aqueous solution of NH4Cl and the 
mixture was subsequently extracted with CHCl3. The combined extracts were dried over Na2SO4 
and concentrated under reduced pressure. The residue was purified by column chromatography 
(SiO2, Hexane/AcOEt = 1/5 to 1/20, then AcOEt/MeOH = 20/1 to 10/1) to afford the 
corresponding pyrazolidine. The ee was determined by HPLC (Daicel CHIRALPAK IA). 
2.2.2. Optimization of reaction conditions for the 1,3-dipolar cycloaddition            
(Improved procedure) 
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As shown in Table II-3, Entries 1-2, when alcohol 53 (1.0 equiv), n-BuMgCl (3.0 equiv), 
(S,S)-DIPT (1.0 equiv) and solvents (EtCN, MeCN) were subjected to the asymmetric 1,3-
dipolar cycloaddition. The reactions smoothly proceeded to furnish the corresponding products 
54a in moderate yields (57-59%) and with very high ee (91-94%), respectively. The used 
solvents slightly influenced the reaction. 
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As shown in Table II-3, Entries 3-5, we examined an another Grignard reagent, n-PrMgBr. 
These n-PrMgBr (1 M, 1.8 M, or 2 M) were freshly prepared from Mg and n-PrBr in THF which 
was then directly added to the reaction mixture according to the improved procedure. 
Interestingly, when 2 M of n-PrMgBr in THF was used, the cycloadduct was obtained in 
sufficient chemical yield (77%) and with excellent enantioselectivity (97%). However, the 
reproducibility was not stable, yields were ranged from (57-77%) and ee (95-97%). These 
probably caused by the influence of moisture on the freshly prepared Grignard reagent. To 
simplify the synthetic procedure, we decided to used commercially available Grignard reagents 
for the 1,3-dipolar cycloaddition, as shown in Entries 6-9. 
As shown in Table II-3, Entries 6-7, methallyl alcolhol (1.0 equiv), MeMgBr (1.0 equiv), 
(S,S)-DIPT (1.0 equiv) and CH3CN were used, the asymmetric 1,3-dipolar cycloadition also 
smoothly proceeded, affording 54a in almost 60% yield and high to excellent enantioselectivites 
91-95%. The concentration of the reaction was found to have an influence on the reactivity. That 
is, the reaction employing 5.0 mmol scale of azomethine imine 47a in 30 mL of CH3CN, 
providing 54a in 91% ee (Entry 6). The reaction performed on 5.0 mmol scale in 60 mL of 
CH3CN improved the enantioselectivity up to 95% (Entry 7). 
When 2.0 equiv of alcohol 53 was used, lower yield and ee were observed, as shown in Table 
II-3, Entry 8. 
By the screening effect of factors on the reaction system, the optimization conditions for the 
1,3-dipolar cycloaddition of azomethine imine 47a to alcohol 53 was determined as shown in 
Table  II-3, Entry 7. 
To increase the efficiency of the procedure, the catalytic 1,3-dipolar cycloaddition of 47a to 
53 was finally examined, as shown in Table II-3, Entry 9. However, the catalytic version showed 
low reactivity. The cycloadduct 54a was obtained in 32% yield with 67% ee.  
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2.2.3. Scope of substrates (Improved procedure) 
With the optimized conditions in hand, the 1,3-dipolar cycloaddition of several azomethine 
imines 47b–47e to methallyl alcohol (53) was subsequently investigated by the improved 
procedure (Table II-4, Entries 1-5).  
Table II- 4. Scope of substrates under optimized conditions of the improved procedure. 
 
Although the chemical yields were moderate, the aryl-substituted azomethine imines 47b and 
47c afforded the corresponding cycloadducts 54b and 54c with high enantioselectivities and 
complete regio- and diastereoselectivities in each case (Table II-4, Entries 2-3). The 
cycloaddition of the cyclohexyl-substituted and t-butyl-substituted azomethine imines 47d and 
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2.3. Determination of absolute stereochemistry of the cycloadduct 
Recrystallization of the cycloadduct 54a obtained by the use of (S,S)-DIPT enhanced the 
optical purity of the cycloadduct 54a up to 99.4% ee. The enantiomerically rich 54a was treated 
with (S)-1-phenylethyl isocyanate in the presence of a catalytic amount of 4-(N,N-
dimethylamino) pyridine (DMAP) to give the corresponding carbamate 55a (quant.). 
Rerystallization from AcOEt gave diastereomerically pure 55a. The absolute stereochemistry of 
the pyrazolidine skeleton in 55a was determined to be S,S by X-ray crystallographic analysis of 
its single crystal, (Scheme II-1). 
 
                   Scheme II- 1. Determination of absolute stereochemistry of 54a. 
Furthermore, the cycloadduct 54e (83% ee) obtained by the use of (R,R)-DIPT was also 
converted to the corresponding carbamate 55e (72%). The absolute configurations of the 
pyrazolidine skeleton in 55e was unambiguously confirmed to be R,R by single-crystal X-ray 
diffraction analysis of the diastereomerically pure 55e obtained by its recrystallization from 
AcOEt, (Scheme II-2). The absolute configurations putatively assigned to the other products 
54b–54d by the use of (R,R)-DIPT were R,R.  
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2.4. Proposed transition state model  
The precise transition state of the present 1,3-dipolar cycloaddition is not clear yet. The 
transition state models as shown in Figure II-1 could be proposed based on the absolute 
configuration of 54a and 54e and the previous our results.17a The carbonyl oxygen atom of 
azomethine imine 47 coordinates to the magnesium salt of (R,R)-DIPT as depicted in T1–T4. The 
nitrogen atom connected with carbonyl group attacks to disubstituted internal olefinic carbon of 
methallyl alcohol (53) (R’ = CH3), which might be rather interrupted than the addition to 
monosubstituted internal carbon of prop-2-en-1-ol (R’ = H). If the cycloaddition from Si-face of 
internal olefinic carbon of methallyl alcohol in exo- or endo-fashion would be assumed, the 
azomethine imine unit and double bond in methallyl alcohol are located in skew fashion each 
other. Therefore, overlap between the azomethine imine unit and double bond would be rather 
difficult (T3 and T4). In the case of addition from Re-face, the exo-transition state T2 might be 
disfavored due to the steric congestion between the substituent R in the azomethine imine and 
methylene moiety in methallyl alcohol. As a result, the cycloaddition proceeds in endo-fashion 
from Re-face to afford (R,R)-cycloadduct 54 (T1). 
 
Figure II- 1. Proposed transition state model. 
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2.5. The first retrosynthetic plan of manzacidin C 
We first under took a retrosynthetic analysis of manzacidin C, as illustrated in Scheme II-3.  
 
Scheme II- 3. The first retrosynthetic plan of manzacidin C. 
The (S,S)-2,4-diamino-2-methylbutan-1-ol (B) could be constructed by the use of (S,S)-DIPT 
through the cycloadduct 54a. The oxidation of the phenyl ring moiety might provide a ready 
route to the carboxylic acid functionality (A). Manzacidin C could be then achieved by several 
transformations. 
 In this approach, the removal of three carbons bridge on two nitrogens in the formed 
pyrazolidine ring C3 unit is crucial in synthesizing manzacidin C. To do with this, we have 
investigated a variety of synthetic approaches. These matters are elucidated in Chapter III.24  
2.6. Summary for chapter II 
In summary, we have successful developed the asymmetric of 1,3-dipolar cyloaddition of 
azomethine imines to methally alcohol for the construction of the optically active pyrazolidines 
in a single step with complete diastereoselectivities, excellent enantioselectivities and in good to 
high chemical yields. An application of the develop 1,3-dipolar cycloadditions was proposed 
towards the synthesis of the natural target product, manzacidin C. 
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CHAPTER III: DIVERSE APPROACHES FOR THE REMOVAL OF THREE-CARBON 
BRIDGE ON TWO NITROGENS IN THE CONSTRUCTED PYRAZOLIDINE RING (C3 
UNIT)- (A Basic Study Leading to an Exploration of an Appropriate Synthetic Route for 
Manzacidin C) 
 
This chapter provides diverse approaches for the removal of the C3 unit, involving four 
synthetic routes as follows: 
Route 1 is a removal strategy of the C3 unit via an oxidation of a hydrazine moiety in the 
produced cycloadduct followed by an elimination under basic treatments. 
Route 2 is a removal strategy of the C3 unit via an introduction of a double bond into 
pyrazolidinone moiety derived from the produced cycloadduct (namely pyrazolidinone moiety 
for a short). 
Route 3 is a removal strategy of the C3 unit via an introduction of bis(methylthio-) substituted 
in the pyrazolidinone moiety. 
Route 4 is a removal strategy of the C3 unit after the reduction of N-N bond incorporated in 
the ring of the produced cycloadduct. 
The detailed results are presented at following sections. 
3.1. Removal strategy of the C3 unit via an oxidation of hydrazine moiety in the produced 
cycloadduct followed by an elimination (Synthetic route 1) 
 
                                 Scheme III- 1. Expected synthetic pathway. 
As shown in Scheme III-1, the expected synthetic pathway of Route 1 is illustrated.  
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In this approach, the synthesis includes following steps: (1) Protection of the hydroxyl group 
in 54a to give 56. (2) Oxidation of a hydrazine moiety in 56 to give 57. (3) Elimination under 
basic conditions to give a target compound as shown in A-1. 
3.1.1. Protection of the hydroxyl group and oxidation of hydrazine moiety in 54a 
 
Scheme III- 2. Protection of a hydroxyl group and an oxidation of a hydrazine moiety. 
As shown in Scheme III-2, the synthesis started with the construction of hydrazine oxide 57. 
The protection of the hydroxyl group in 54a with tert-butyldimethylsilyl chloride (TBSCl)  was 
firstly conducted to give 56 in excellent chemical yield (96%). OH-protected 56 was then 
subjected to an oxidation with m-chloroperoxybenzoic acid (m-CPBA) to afford the 
corresponding hydrazine oxide derivative 57 in high chemical yield (90%).  
3.1.2. Elimination under basic conditions 
3.1.2.1. Elimination reaction of 57 under basic conditions 
With 57 in hand, we started an elimination reaction under basic conditions. The results of the 
examined reactions are summarized in Table III-1.  
As shown in Entries 1-2, lithium diisopropylamide (LDA) was first examined for the 
elimination reaction of 57. When the reaction was carried out at -78 to -40 oC, the reaction did 
not proceed and stating material was almost recovered. Thus, the reaction was then examined at 
higher temperature; however, expected compound 58 was again not produced instead of the 
formation of an unexpected elimination compound 59 and other unidentified byproducts while 
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stating material was recovered in 15%.  
An another base was next investigated, potassium hexamethyldisilazide (KHMDS). As shown 
in Entries 3-4, the similar situation was observed, expected compound 58 was again not 
produced and other byproducts were always formed.  
    Table III- 1. Examination of various bases on the elimination reaction of 57. 
 
3.1.2.2. Elimination reaction of 57a under basic conditions 
Based on the results of the performed reactions, we focused that if cationic counterion 
property of nitrogen atom on the hydrazine moiety was increased, this could promote the 
expected elimination reaction because of the rising positive character of nitrogen in 57. Thus, we 
decided to convert hydrazine oxide derivative 57 to 57a by the reaction with trimethyloxonium 
tetrafluoroborate (Meerwein reagent).25 
The results of these examinations are shown in Scheme III-3, 57 was first converted to 57a 
which was then subjected to the elimination without further purification. Unfortunately, expected 
compound 58 was not formed while 54a and 56 were generated and unknown byproducts were 
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also confirmed by 1H NMR analysis. 
 
           Scheme III- 3. Transformation of 57 to 57a towards the elimination reaction. 
 
3.1.3. Conclusion for the synthetic route 1 
Although various experiments were carried out, the results gave us unexpected elimination 
compounds which possibly caused by a deprotonation of the benzylic proton in the produced 








 Page 46 
3.2. Removal strategy of the C3 unit via an introduction of a double bond into 
pyrazolidinone moiety derived from the produced cycloadduct (Synthetic route 2) 
 
Scheme III- 4. Expected synthetic pathway. 
As shown in Scheme III-4, the expected synthetic pathway of this route is illustrated. In this 
approach, the planned synthesis includes following steps: (1) Sulfenylation and oxidation to give 
62. (2) Elimination to give 63. (3) Further transformations relying on the introduced double bond 
to give the target compound as shown in A-1. 
3.2.1. Introduction of the double bond into the pyrazolidinone moiety 
3.2.1.1. Sulfenylation reaction 
The introduction of the double bond into the pyrazolidinone moiety was started with a 
sulfenylation reaction. Optimization conditions for this reaction by screening the influence of 
some factors on the productivity such as amount of reagents (base, electrophile), reaction 
temperature, and reaction time. These results are summarized in Table III-2.  
Under examined conditions, desired compound 60 was obtained along with the formation of 
61. With the examined conditions as shown in Table III-2, Entry 5, the desired compound 60 
could be obtained in 71%. Thus, these conditions were chosen as the optimization conditions for 




 Page 47 
     Table III- 2. Optimization of reaction conditions for the sulfenylation. 
 
3.2.1.2. Oxidation and dehydrosulfenylation reactions 
The introduction of the double bond into the pyrazolidinone moiety based on 60 was 
performed via two reactions, those are of oxidation and dehydrosulfenylation reactions. The 
results of these reaction are summarized in Table III-3, Entries 1-4. 
Particularly, oxidation of 60 with m-CPBA to give 62 followed by dehydrosulfenylation with 
pyridine in toluene reflux to afford desired compound 63. Under examined reactions, other 
byproducts 62A and 64 were also formed in accordance with each step.  
The optimization conditions were finally chosen as highlighted in Table III-3, Entry 4. By 
these conditions, the oxidation and dehydrosulfenylation reactions were conducted in a sequence 
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    Table III- 3. Optimization of reaction conditions for the oxidation and dehydrosulfenylation. 
 
3.2.2.  Diverse transformations relying on the introduced double bond 
The introduction of the double bond into the pyrazolidinone moiety of the cycloadduct 56 
resulted in 63 possessing different functional groups in its skeleton. These functional groups 
involve: an enamine, alkene, amine and amide carbonyl. Therefore, with compound 63 in hand, 
diverse transformations relying on the produced functional groups were next performed. And 
these transformations are described in the following sections. 
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3.2.2.1. Transformation relying on an enamine functional group 
a) Hydrolysis reaction 
 
Scheme III- 5. Examination for a hydrolysis of an enamine functional group. 
As shown in Scheme III-5, a hydrolysis of an enamine functional group in 63 by 1 M HCl was 
first examined. By these conditions, 64 was generated by the deprotection of the TBS-protected 
group under acidic medium. Compound 64 was next subjected to the hydrolysis by the use of 
concentrated HCl; however, the reaction did not proceed.  
3.2.2.2. Transformation relying on hydroxylamine and enamine functional groups 
 
Scheme III- 6. Expected synthetic pathway. 
As shown in Scheme III-6, we planned to construct compound 65 possessing hemiaminal and 
enamine functional groups in its skeleton via a reduction of the amide carbonyl in 63. If it 
occurred, the constructed 65 could be labile for further transformations such as (1) hydrolysis of 
65 to give the target compound as shown in A-1; (2) reaction of the introduced hemiaminal with 
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a hydrazine agent to give 65A which was then subjected to a hydrolysis reaction to afford the 
target compound A-1. 
The reduction of the amide carbonyl in 63 was first examined. The results of these 
examinations are summarized in Table III-4. 
Table III- 4. Examination for the introduction of the hydroxyl group by the reduction of the 
amide carbonyl in 63. 
 
 
As shown in Table III-4, the reduction was conducted under several conditions (Entries 1-4). 
However, 65 was not detected. Stating material was almost recovered in the case of 
diisobutylaluminium hydride (DIBAL-H) was used. And a complex mixture was given in the 
case of LiAlH4. 
3.2.2.3. Transformation relying on an alkene functional group 
 
Scheme III- 7. Expected synthetic pathway. 
  
 Page 51 
As shown in Scheme III-7, is an expected synthetic pathway for the removal of the C3 unit 
relying on an alkene functional group in 63. In this approach, we predicted that 66 could be 
obtained via an oxidative cleavage of the introduced double in 63. If so, further transformations 
could be performed to attain the target compound as shown in A-1. 
a) Oxidative cleavage of the double bond by an ozonolysis reaction 
 
Scheme III- 8. Examination for the oxidative cleavage reaction by an ozonolysis reaction. 
As shown in Scheme III-8, the oxidative cleavage reactions of the double bond were first 
examined by ozonolysis reactions. However, expected compound 66 was not observed instead of 
a complex mixture. 
b) Oxidative cleavage of the double bond by using a periodate reagent 
According to a report of Horst Weber group,26 the oxidative ring-opening of pyrazolone 
derivatives by the use of NaIO4 in MeOH/H2O have successfully been developed, as shown in 
Scheme III-9, Equations b-1. Therefore, the oxidative cleavage reaction of the double bond in 63 
by using NaIO4 was next investigated in accordance with the reported procedure, as shown in 
Scheme III-9, Equations b-2. However, the expected compound 66 was again not obtained while 
64 was generated in 94% (Entry 1). To our surprise, 67 was detected in 25% yield (Entry 2). 
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Scheme III- 9. Examination for the oxidative cleavage reaction using a periodate agent. 
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As shown in Scheme III-9, Equations b-3, the hydrolysis reaction of 67 was investigated 
because we reasoned that the hydrolysis reaction could be promoted in the presence of an 
electron withdrawing group, iodine. As the result, the reduction proceeded to generate 64 while 
the expected compound 66 was not detected. 
c) Oxidative cleavage of the double bond by using potassium permanganate and 
sodium periodate 
As shown in Scheme III-10, the oxidative cleavage of the double bond by using potassium 
permanganate and sodium periodate was next investigated according to a report of Zhang 
group.27 Consequently, the similar hydrolysis reaction proceeded to give 64 while the expected 
compound 66 was not observed.  
 
Scheme III- 10. Examination for the oxidative cleavage reaction using potassium 
permanganate and sodium periodate. 
 
3.2.3. Conclusion for the synthetic route 2 
On this synthetic route, the introduction of the double bond could be well-controlled. 
Subsequent transformations relying on the produce functional groups have been performed 
(hydrolysis, reduction, and oxidative cleavage reactions, etc.). The reactions gave us unexpected 
compounds and/or starting material was mostly recovered. The low reactivity probably caused 
by the aromaticity of the compounds expressed by the introduction of the double bond. 
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3.3. Removal strategy of the C3 unit via an introduction of bis(methylthio-) substituted in 
the pyrazolidinone moiety (Synthetic route 3) 
 
Scheme III- 11. Expected synthetic pathway. 
As shown in Scheme III-11, an expected synthesis route for the removal strategy of the C3 
unit via an introduction of bis(methylthio-) substituted in the pyrazolidinone moiety is illustrated. 
In this approach, the synthesis involves following steps: (1) Preparation of bis(methylthio-) 
substituted in the pyrazolidinone moiety 61. (2) Hydrolytic cleavage of dithioacetal in 61 to give 
68. (3) Introduction of a hydroxyl group relying of the newly formed ketone group in 68 to give 
68A. (4) Further transformations to give the target compound as shown in A-1. 
3.3.1. Bis-sulfenylation reaction 
 
Scheme III- 12. Synthesis of 61. 
The synthesis started with the preparation of 61. The synthetic procedure of 61 was revised 
based on those as mentioned in Section 3.2.1.1. Thus, 61 could be prepared in 87% yield via the 
treatment with the electrophile, MeSSMe to 56, as shown in Scheme III-12. 
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3.3.2. Desulfenylation reaction 
With 61 in hand, the hydrolytic cleavage of the dithioacetal in 61 was performed and these 
results are given in Table III-5. 
   Table III- 5. Results of the hydrolytic cleavage of the dithioacetal in 61. 
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As shown in Table III-5, Entries 1-6, a variety of reagents for the hydrolytic cleavage of the 
dithioacetal were screened.28 The results indicated that the expected compound 68 was not 
formed instead of the formation of unpredicted compounds, these were of  69, 69A, 70 and 71.  
In order to make good use of unpredictably obtained compounds, many transformations were 
executed as shown in the following sections. 
3.3.3. Transformations based on functional groups resulting from the oxidative hydrolysis 
of the dithioacetal in 61 
3.3.3.1. Transformation via the hydrolysis of 71 
The compound 71 from the oxidative hydrolysis of dithioacetal was obtained in almost 60%. 
This compound was subjected to a hydrolysis, as shown in Scheme III-13. 
 
Scheme III- 13. Examination for a hydrolysis reaction of 71. 
From our expectation, with the presence of a stronger electron withdrawing group 
methylsulfinyl substituted in 71 might give facility for the hydrolysis reaction. If it occurred, a 
target compound (A-2) was obtained, perhaps. However, the similar situation was again realized 
as mentioned in Section 3.2.2.3, b. The desulfenylation proceeded to generate 64 only. 
3.3.3.2. Transformations via an introduction of a hydroxyl group into 70 
The compound 70 from the oxidative hydrolysis of the dithioacetal could be obtained in 
almost 63% yield. Due to the electronic resonance as shown in Scheme III-14, Equations 1-2, we 
judged that 70 exists in a form of: (1) phenol form which is ready oxidized than phenyl form like 
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63; (2) enolate form which is ready participated in some typical reactions (i.e. reaction of an 
enolate with an oxaziridine). Therefore, we decided to make transformations based on compound 
70. The expected synthetic pathways is demonstrated in Scheme III-14, Equation 3. 
 
Scheme III- 14. Expected synthetic pathway. 
In this approach, we planned to introduce a hydroxyl group into 70 via two synthetic paths 
(Paths a and b) in order to attain compounds 70A or 70B, respectively. These resulting 
compounds were then subjected to an oxidative cleavage of the alkene fuctional group in their 
framework to give the corresponding compounds 72A, 72B or 72C. Finally, a hydrolysis took 
place to give the target compound (A-2). 
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a) Introduction of the hydroxyl group into 70 via oxidation reactions (path a) 
Compound 70 probably works as a phenol form as illustrated in Scheme III-14, Equation 1. 
Hence, we planned to introduce a hydroxyl group into 70 via oxidation reactions.29 As shown in 
Table III-6, a variety of oxidative reagents and influenced factors were screened. Although the 
results indicated that the oxidation reactions could proceed and the C3 unit might be removed. 
By 1H NMR analysis, unexpected elimination and racemized compounds were realized; however, 
these structures were not clearly determined. 
    Table III- 6. Examination of various oxidants for the introduction of the hydroxyl  group. 
 
b) Introduction of the hydroxyl group via a reaction with an oxaziridine (path a) 
Compound 70 probably works as a phenol form as illustrated in Scheme III-14, Equation 2. It 
was thus subjected to a reaction with an oxaziridine.30 
As shown in Scheme III-15, if the reaction of 70 with a chosen oxaziridine could occur, 70A 
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was probably formed. However, the reaction gave a complex mixture.  
 
Scheme III- 15. Examination for the introduction of the hydroxyl group into 70                         
by a reaction with an oxaziridine. 
 
c) Introduction of the hydroxyl group via the reduction of the amide carbonyl (path b) 
 
Scheme III- 16. Examination for the introduction of the hydroxyl group                                  
via the reduction of the amide carbonyl in 70. 
 
We reasoned that the presences of the hydroxyl group substituted in 70 may be useful for the 
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reduction of the amide carbonyl to hemiaminal due to a chelation formation of the hydroxyl 
group and the amide carbonyl to a metal ion. Therefore, the reduction of the amide carbonyl in 
70 was next investigated (path b). 
As shown in Scheme III-16, the reduction was examined by the use of DIBAL-H. However, 
desired compound 70B was not observed instead of the formation of undetermined compounds 
70B-1 and 70B-2. 
3.3.3. Transformation via the reduction of the amide carbonyl in 61 
The failure of the above reactions led us to focus on an another approach Scheme III-17. In 
this approach, the removal strategy of the C3 unit based on a direct transformation of 61 was 
pointed out. The synthesis involves following steps: (1) Reduction of the amide carbonyl moiety 
in 61 to give 61A. (2) Reduction of the resulting hemiaminal group in 61A with a hydrazine 
agent to give 61B. (3) Oxidative hydrolysis of the thioacetal in 61 with a hypervalent iodine to 
give 61C. (4) Subsequent hydrolysis to give the target compound (A-2). 
 
Scheme III- 17. Expected synthetic pathway. 
The synthesis began with the reduction of the amide carbonyl moiety in 61. The results of 
these examinations are summarized in Table III-17. The results indicated that although various 
reducing agents were screened, the expected compound 61A was not observed. Starting material 
was recovered or over reduction took place. 
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    Table III- 7. Examination of various reductants for the reduction of the amide carbonyl. 
 
3.3.4. Conclusion for the synthetic route 3 
In this synthetic route, many transformations were executed but such the examined reactions 
were again not successful.  
Based on the results of the Synthetic route 2 and route 3 and studying the causes of the failure 
reactions. We recognized that the low reactivity probably caused by: (1) the aromaticity of the 
compounds expressed by the introduction of the double bond; (2) the high resonance 
stabilization between the nitrogen-carbon and carbon-oxygen bond on the produced cycloadduct. 
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3.4. Removal strategy of the C3 unit via a reduction of N-N bond incorporated in the ring 
of the produced cycloadduct (Synthetic route 4) 
Based on the given unexpected results from the Synthetic routes 1-3, our study was that the 
characteristic of the produced cycloadduct must be changed in order to deal with such issues. In 
other words, a new synthetic approach need to be developed, that is Synthetic route 4.  
 
Scheme III- 18. Expected synthetic pathway. 
As shown in Scheme III-18, the characteristic of the cycloadduct 56 was planned to be 
changed by the reductive cleavage of N-N bond incorporated in its ring, providing 74.31 Further 
transformations were then developed based on 74 in order to afford a target compound as shown 
in B-1. 
3.4.1. Examination for the reductive cleavage reactions of the N-N bond  
To make a good use of an available functional group on the cycloadduct derivatives 69 and 61, 
the reduction of the N-N bond incorporated in their rings was preliminarily surveyed.  
 
Scheme III- 19. Examination for the reductive cleavage of N-N bond in 69. 
As shown in Scheme III-19, 69 was subjected to the reduction with Na in liquid NH3 but 
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the reaction gave us a complex mixture and the desired compound 69B was not detected. The 
failure of the reaction may explain that in the presence of the double bond on 69 was detrimental 
for the reduction in the radical catalytic cycle.  
As shown in Scheme III-20, 61 was next examined in the N-N bond reduction. In this case, the 
expected reduction compound 75 was also not obtained while 56 was generated in 90%.  
 
Scheme III- 20. Examination for the reductive cleavage of N-N bond in 61. 
Based on the primary examinations for the reduction of N-N bond in 61 and 69. The results 
revealed that the existence of an electrophilic moiety in their structures may harm the N-N 
reduction in the radical catalytic cycle.  
To prevent such side effect, 56 was judged as right candidate for the reduction. Thus, the 
reduction of N-N bond in 56 was executed. Gratifyingly, the reaction smoothly proceeded to 
give the corresponding  product 74 in good chemical yield (58%), as shown in Scheme III-21. 
 
Scheme III- 21. Examination for the reductive cleavage of N-N bond in 56. 
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3.4.2. Introduction of a double bond into 74 and functional group transformations  
With 74 in hand, we planned to introduce a double bond into its skeleton as a useful functional 
group for further transformations.  
The synthetic process of the introduction of a double bond into 74 includes 3 steps: (1) 
sulfenylation, (2) oxidation and (3) elimination, as described in Section 3.2.1. 
3.4.2.1. Introduction of a double bond in 74 via sulfenylation and selenation reactions 
a) Introduction of a double bond in 74 via sulfenylation using dimethyl disulfide. 
 
Scheme III- 22. Introduction of a double bond in 74 via sulfenylation using dimethyl 
disulfide. 
As shown in Scheme III-22, the introduction of a double bond into 74 via a sulfenylation using 
dimethyl disulfide was first examined.  
In this synthetic process, electrophilic reaction of MeSSMe by enolate of 74 could proceed to 
give 76A in 44% and 31% of recovery. The oxidation of the methylsulfane substituent in 76A 
also proceeded to give 77 in 50% yield and 40% recovery. The later elimination was conducted 
by the use of pyridine in toluene reflux; however, desired compound 78 was only  
produced in trace amount and 74 was generated.  
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To improve chemical yield of 78, the introduction of the double bond into 74 via a selenation 
using phenylselenenyl chloride was next investigated. 
b)  Introduction of a double bond in 74 via selenation using phenylselenenyl chloride. 
 
Scheme III- 23. Introduction of a double bond in 74 via selenation using phenylselenyl chloride. 
As shown in Scheme III-23, 74 was subjected to the selenation. Surprisingly, 76B was 
obtained in 27% while starting material was recovered in 60%. The reduction of the phenyl 
selane substitutent in 76B was then conducted in the presence of NiCl2 and NaBH4,32 providing 
78 in 8% yield only. 
3.4.2.2. Functional group transformations based on the introduced double bond 
a) Hydrolysis reactions 
Although 76B and 78 were obtained in small amount due to the low chemical yield, we tried 
to make modifications relying on newly formed functional groups in their scaffold.  
As shown in Scheme III-24, 76B and 78 were subjected to the hydrolysis reaction. The results 
indicated that a target compound as shown in B-2 was not produced although starting material 
was consumed.  
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Scheme III- 24. Examination for hydrolysis reactions of 76B and 78. 
Based on these observations, we reasoned that the target compound B-2 might be generated in 
the reaction but it may be loosed during the purification in an aqueous medium because of its 
high polarity in water. 
b) Oxidative cleavage reaction 
 
Scheme III- 25. Examination for an oxidative cleavage reaction of 78. 
As shown in Scheme III-25, our expected reactions was that: 78 was first subjected to an 
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oxidative cleavage of the double bond in its skeleton by using NaIO4 followed by a hydrolysis 
with NaOH to give an expected compound (B-2) as an intermediate in the reaction.33 The 
protection of resulting amine moieties in the B-2 was then performed to give a target compound 
(B-3). However, the reaction gave undetermined mixture by 1H NMR analysis of the crude 
products. 
3.4.3. Introduction of the double bond after Boc-protection of amide and amine moieties  
Based on above given results, we studied that the failure of the transformations based on the 
74, 76B and 78 probably due to an existence of a proton on the amide and amine moieties. 
Therefore, we decided to protect these free protons to avoid such failures. 
3.4.3.1. Boc-Protection of amide and amine moieties  
 
Scheme III- 26. Examination for Boc-protection of the amide and amine moieties. 
As shown in Scheme III-26, Boc-protection of amide and amine moieties34 in 74 was 
performed and 79 was produced in 77% yield under examined conditions. 
3.4.3.2. Introduction of a double bond into 79 via a sulfenylation 
With 79 in hand, we planned to introduce a double bond into its framework for further 
transformations. The synthetic cycle of the introduction of a double bond into 79 includes 3 steps 
as mentioned, those are of the sulfenylation, oxidation and elimination. 
As shown in Scheme III-27, the synthesis began with a sulfenylation by using MeSSMe as an 
electrophile and LDA or KHMDS as a deprotonation reagent. 
However, desired compound 79A was not produced while stating material was recovered and 
other unidentified byproducts were realized.   
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Scheme III- 27. Examination for an introduction of a double bond into 79. 
3.4.4. Introduction of a double bond after Bz- protection of amide and amine moieties 
3.4.4.1. Bz-Protection of amide and amine moieties  
We decided to change protective group from Boc-protection to Bz-protection because the 
introduction of the double bond in Boc-protected 79 has been failed. 
Table III- 8. Results of the Bz-protection of amide and amine moieties. 
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As shown Table III-8, the protection of amide and amine moieties in 74 by using benzoyl 
cloride. Bz-protected 80 and 81 were produced in moderate to high chemical yields under 
examined conditions, (Entries 1-3). 
3.4.4.2. Introduction of a double bond into 80 and 81 via a selenylation 
With  80 and 81 in hand, the introduction of a double into their skeleton was investigated.  
a) Introduction of a double bond into 80 
 
Scheme III- 28. Examination of an introduction of a double bond into 80. 
As shown in Scheme III-28, an examination of an introduction of a double bond into 80 began 
with a selenation reaction by using PhSeCl in the presence of LDA. However, desired compound 
80A was not observed while stating material was almost recovered. That meant the introduction 
of a double bond into 80 was not able to be continued. 
b) Introduction of a double bond into 81 
On an another try, the introduction of a double bond into 81 was next examined. The synthesis 
also started with a selenation reaction. The results of these examinations are summarized in 
Table III-9, Entries 1-4.  
The results indicated that desired compound 81B was produced in poor chemical yield (about 
10%) while stating material was recovered or unknown byproducts were formed although 
various conditions were investigated. Because the poor chemical yield of the selenation reaction, 
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Table III- 9. Examination for an introduction of a double bond into 81. 
 
3.4.5. Functional group transformation via an introduction of a hydroxyl group into 74 
The failure transformations based on compounds 76B, 74, 78, 79, 80 and 81 led us to 
investigate other synthetic approaches, that is of an introduction of a hydroxyl group into 74. 
3.4.5.1. Introduction of a hydroxyl group into 74  by reactions with an oxazaridine 
The introduction of a hydroxyl group into 74 by a reaction with an oxazaridine to afford 74A 
was first examined. However, the reaction did not proceed as our expected synthetic pathway as 
shown  in Scheme III-29. 
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Scheme III- 29. Examination for an introduction of a hydroxyl group into 74 
by reactions with an oxazaridine. 
 
3.4.5.2. Introduction of a hydroxyl group by a reduction of an amide carbonyl in 74 
 
Scheme III- 30. Examination for a reduction of an amide carbonyl in 74. 
On an another try, the introduction a hydoxyl group into 74 via a reduction of the amide 
carbonyl in its framework was investigated. Unfortunately, the similar situation was realized and 
74B was not produced, as shown in Scheme III-30. 
3.4.6. Conclusion for the synthetic route 4 
On this synthetic approach, the reductive cleavage reaction of the N-N bond could smoothly 
proceed followed by a series of transformations have been made. However, expected results 
were still not attained under examined reactions.  
  
 Page 72 
3.5. Summary for chapter III 
Scheme III-31 shows a whole picture for the removal strategies of the C3 unit which have 
been performed.  
 
Scheme III- 31. General illustration for the removal strategies of the C3 unit. 
In summary, expected results from Synthetic routes 1-4 have not been achieved yet despite the 
diversity of synthetic approaches were figured out as well as extensive experiments were 
conducted. However, the studies from given results led us to explore a right approach (Synthetic 
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CHAPTER IV: A FORMAL TOTAL SYNTHESIS OF MANZACIDIN C (SUCCESSFUL 
SYNTHETIC ROUTE) - The First Development for the Removal of Three-Carbon Bridge 
on Two Nitrogens in the Formed Pyrazolidine Ring) 
This chapter provides full experiment data for a formal total synthesis of manzacidin C based 
on the developed 1,3-dipolar cycloaddition. 
4.1. Removal strategy of the C3 unit through N–N bond cleavage followed by a retro-
Michael addition reaction  (Synthetic route 5- Successful route) 
4.1.1. Working hypothesis on the basic of the studies from unsuccessful routes 
 
Figure IV- 1. Studying the causes of unsuccessful synthetic routes. 
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Studying the causes of unsuccessful synthetic routes (Routes 1-4), which are described in 
Chapter III, is resumed as follows: 
1) As shown in Figure IV-1, a; the electronic nature of the cycloadduct 54a derivatives is 
illustrated. Many transformations relying on functional groups (i.e amine, amide carbonyl) of the 
54a derivatives have been performed; however, the reactions did not proceed or over reactions 
occurred. The low reactivity probably due to high resonance stabilization between the nitrogen-
carbon and carbon-oxygen bond. 
2) As shown in Figure IV-1, b; the aromaticity of the 63 derivatives is illustrated. The 
aromaticity was expressed by the introduction of the double bond into the 63 derivatives. That 
together with the electronic nature of the produced cycloadducts, leading to the low reactivity of 
the conducted  reactions. 
This phenomenon could be observed clearly in the unsuccessful routes (Route 2 and route 3). 
3) As shown in Figure IV-1, c; the causes of the failure or low reactivity of the conducted 
reactions under basic medium is illustrated. To be more specific, on the compounds 54 
derivatives, 74, 79 or 80, exists three types of proton, namely Ha, Hb, Hc. Among them: 
 (a) Hc probably was easily deprotonated by a basic reagent resulted in an anion on nitrogen 
atom of the cycloadduct derivatives. The existence of this anion may harm a deprotonation at Ha 
position. This possibly leads to the low reactivity of Ha under conducted reactions (i.e the 
introduction of the electrophile at the α- position of amide carbonyl).  
(b) To prevent such a negative effect caused by the existance of Hc in the corresponding 
compounds 54 derivatives, 74, 79 or 80; the protection of Hc has been performed as shown in 
compound 81. However, the reactivity of Ha under basic conditions was still low. One reason 
might be the steric congestion by the protecting groups on nitrogenes in 81.  
The reactivity of Ha could be increased by the use of harsh conditions (i.e strong bases, high 
temperature) but  such cases, Hb probably might not be tolerated.  
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(c) The Hb located at the benzylic position in the cycloadducts, it might present the acidic 
property. Therefore, under harsh reaction conditions (i.e strongly basic medium together with 
high temperature), this proton maybe shows its reactivity. It means, undesired reactions might 
proceed towards this proton.  
This phenomenon could be observed clearly in the unsuccessful routes (Route 1 and route 4). 
By the studying the causes of the unsuccessful routes (Routes 1-4) in term of the removal of 
the C3 unit, we turned our mind on an alternative synthetic approach, (Figure IV-2). 
 
Figure IV- 2. Reaction Design. 
Figure IV-2 shows an illustration of the desired reaction for the new synthetic route (Route 5). 
That is, in the removal strategy of the C3, a ring-opening reaction of the constructed lactam 
derivative 81 should be first accessed. We envisaged that, 81 was probably participated in a ring-
opening reaction by a nucleophilic attack at the amide carbonyl moiety. However, the existence 
of Bz-protection may cause nucleophilic attack at not only desired carbonyl but also benzoyl 
carbonyl. To avoid this problem, we planned to change the protecting group on amide moiety, 
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from Bz-protection to Boc-protection. Because if Boc-group was introduced, the electron 
donation of an oxygen atom in tert-butoxy group to the adjacent carbonyl of Boc-group will 
reduce the electrophilicity of this carbonyl. It means the nucleophilic attack at the amide 
carbonyl of the constructed cycloadduct derivative 82 is predominantly enhanced.  
Figure IV-3 shows an expected synthetic route based on our desired reaction. 
 
Figure IV- 3. Expected synthetic pathway. 
If 82 was successfully constructed, ring-opening reaction of the lactam ring derivative could 
then occur by the use of a Grignard reagent, (PhMrBr).35 Following an elimination reaction was 
imposed, the desired compound (B-4) could be attained. 
4.1.2. Protection of amine and amide moieties by di-tert-butyl dicarbonate (Boc-protection) 
 
Scheme IV- 1. Result of the Boc-protection of amide and amine moieties. 
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At first, we planned to protect amine and amide moieties in 74 in a single step. However, 
compound 82 was obtained in 41% yield and other unidentified byproducts were observed with 
high rate under examined reaction conditions as shown in Scheme IV-1. 
4.1.3. The first examination for the ring-opening reaction using a Grignard reagent 
4.1.3.1. Examination for the ring-opening reaction using phenylmagnesium bromide 
With 82 in hand, we first tried the ring-opening reaction using phenylmagnesium bromide, 
(Scheme IV-2). 
 
Scheme IV- 2. The first examination for a ring-opening reaction. 
As shown in Scheme IV-2, a trace amount of 82A may be formed but this desired compound 
was not clearly observed by 1H NMR. Meanwhile, byproduct 83 was indentified in 49% yield. 
Thus, we tended to study mechanism of the formation of the byproduct to improve the reaction. 
 4.1.3.2. Study for mechanism of the formation of the byproduct 
 
Figure IV- 4. Proposed mechanism for the formation of the byproduct. 
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The proposed mechanism for the formation of the byproduct 83 was studied as shown in 
Figure IV-4. The phenyl anion absorbed the free proton on the amine moiety of 82 followed by a 
nucleophilic attack of the resulting nitrogen anion to the carbonyl of Boc-group, generating 82B. 
The released tert-butoxyl anion then underwent a nucleophilic addition to the amide carbonyl of 
the produced cycloadduct derivative as shown in 82B. Consequently, ring-opening reaction of 
the lactam ring proceeded, providing byproduct 83. These results are in line with the argument 
that the amine moiety on 82 need also to be protected to avoid undesired reactions.  
4.1.4. The second retrosynthetic plan for the synthesis of manzacidin C 
By investigating the causes of unsuccessful synthetic routes as well as the obtained results 
from the first examinations for the ring-opening reaction, we turned our attention on a second 
retrosynthetic plan for the synthesis of manzacidin C, this is demonstrated in Scheme IV-3. 
 
Scheme IV- 3. The second retrosynthetic plan for the synthesis of manzacidin C. 
In this retrosynthetic analysis, manzacidin C could be achieved through following 
transformations: (1) The reductive cleavage of the N-N incorporated in the obtained cycloadduct 
followed by the protection of resulting amine and amide moieties afford lactam derivative C. (2) 
Ring-opening reaction of the lactam ring gives D. (3) Elimination reaction furnishes E. 
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 (4) Recyclization and esterification reactions afford manzacidin C.  
Such transformations will be described as the following sections. 
4.2. Construction of the stereo-framework of manzacidin C and the protection of the 
hydroxyl group on the constructed cycloadduct 
4.2.1. Construction of the stereo-framework of manzacidin C  
Stereo-framework of manzacidin C was first constructed according to the improved procedure 
as mentioned in Chapter II, Section 2.2.2.  
 
Scheme IV- 4. Construction of the stereo-framework of manzacidin C. 
The detail reaction conditions were re-showed in Scheme IV-4, the cycloadduct 54a 
possessing stereo-framework of manzacidin C was reproducible in good chemical yield (59%), 
excellent enantiosecltivity (95%) and complete diastereoselectivity. Recrystallization of 54a 
provided an enantiomeric excess (99.4%). 54a was then subjected to further transformations 
towards the synthesis of manzacidin C.  
4.2.2. Protection of the hydroxyl group in the obtained cycloadduct 
4.2.2.1. Requirement for the protection of the hydroxyl group 
First, we examined the reductive cleavage of N-N bond incorporated in 54a.  
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Table IV- 1. Influence of the free hydroxyl group on the reduction of the N-N bond. 
 
We focused that the existence of the free hydroxyl in 54a may show an adverse effect on the 
reduction. Therefore, we decided to protect this hydroxyl group. 
4.2.2.2. Optimization conditions for the protection of the hydroxyl group 
 
Scheme IV- 5. Protection of the hydroxyl group under optimized conditions.  
As mentioned in Section 3.1.1, the protection reaction of the hydroxyl group on 54a by tert- 
butyldimethylsilyl chloride (TBSCl) smoothly proceeded to give 56 in excellent chemical yield 
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 (96%). The optimization conditions were shown in Scheme IV-5. 
4.3. Reduction of the N-N bond incorporated in the cycloadduct 
4.3.1. Optimization of the reaction conditions for the reduction of the N-N bond 
The reductive cleavage of the N-N bond incorporated in 56 was performed by the use of Na in 
liquid NH3.31 To optimize the reaction conditions, the amount of the used Na and temperature 
were screened. The results are summarized in Table IV-2, Entries 1-7. 
Table IV- 2. Optimization of the reaction conditions for the reduction of the N-N bond. 
 
As shown in Table IV-2, Entry 1 is the first try for the reduction of N-N bond to give 74 in 
58% yield as described in Section 3.4.1. 
As shown in Table IV-2, Entries 2-4, amount of Na (2.5, 3.5 and 3.0 equiv) were carefully 
investigated, respectively. The reactions were carried at -78 oC for about 0.5 h and then warmed 
to -33 oC for about 2 h. In the case of 2.5 equiv of Na was used, the desired product 74 was 
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obtained in 46% yield and stating material was recovered (Entry 2). To increase the conversion, 
3.5 equiv of Na was examined but the lower chemical yield (38%) was realized. This was caused 
by the formation of unidentified byproducts (Entry 3). Therefore, an appropriate amount of Na 
(3.0 equiv) was executed, the reduction proceeded, providing 74 in good yield (59%), (Entry 4).  
Next, the effect of reaction temperature was investigated as shown in Entries 5-7. The results 
indicated that 74 was obtained in the best chemical yield (76%) when the reaction was kept at 
low temperature for a prolonger time -78 oC (1 h), then warmed to -33 oC (2 h), (Entry 7). Based 
on these observations, the optimization conditions for the reductive cleavage of the N-N bond 
were chosen as highlighted in Table IV-2, Entry 7. 
4.3.2. Reduction of the N-N bond under optimized conditions 
 
Scheme IV- 6. Reduction of the N-N bond under optimized conditions. 
As shown in Scheme IV-6, the reduction of N-N bond was conducted under optimized 
conditions. The desired product 74 was reproducibly obtained in 76% yield.  
4.4. Protection of amide and amine moieties 
4.4.1. Screening of reaction conditions for the protection of amide and amine moieties 
With the reaction conditions for the protection of amine and amide moieties as described in 
Section 3.4.3.1 and Section 4.1.2; mono-protected compounds 79 and 82 were obtained, 
respectively. However, the protection of both amide and amine moieties was required for further 
transfomations. Therefore, various conditions were then screened to attain a desired compound 
84, as shown in Table IV-3, Entries 1-6. 
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Table IV- 3. Results of the protection of amide and amine moieties under various conditions. 
 
Under examined conditions, different compounds 79, 82, 83, 84 were produced. Among them 
84 was a desired compound for further transformations.  
As shown in Entries 1-2, the Boc-protection of amine moiety prevails under basic conditions34, 
providing 79 in moderate to good yields (44-77%). Starting material was recovered. The desired 
product 84 was not observed.  
As shown in Entry 3, 4-dimethylaminopyridine (DMAP) was subjected to the reaction as an 
activator to enhance the reactivity.36 When the reaction temperature was about 80-90 oC, the 
reaction slowly proceeded, providing the Boc-protected amide 82 in moderate yield (41%). In 
this case, staring material was still remained and a small amount of byproduct 83 was observed. 
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The desired product 84 was still not detected.   
As shown in Entries 4-6, when the reactions were conducted at around 120-130 oC, the desired 
product 84 was obtained in moderate yields (33-45%) while starting material was consumed. The 
byproduct 83 was always made up in high rate although various conditions were examined.  
4.4.2. Investigation on mechanism of the byproduct 83 formation	  
To improve chemical yield of the desired product 84, we turned to study the mechanism of the 
formed byproduct 83. The mechanism is illustrated in Figure IV-5. 
 
Figure IV- 5. Proposed mechanism for the formation of the byproduct. 
By monitoring reaction by TLC (Thin-layer chromatography), we observed that: 
 (1) When the Boc-protection reactions of amide and amine moieties were carried at around 90 
oC in the presence of DMAP in toluene, 82 was predominantly formed and small amount of the 
byproduct 83 was detected, and the desired product 84 was not observed.  
(2) When reaction temperature was increased to 130 oC, 82 was firstly formed and then 
converted to the desired product 84.  
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(3) The byproduct 83 was significantly produced when reaction temperature ranging 90-130 
oC. The mechanism of the formation of byproduct 83 was speculated as follows. The formation 
of the byproduct 83 in the Boc-protection step was the same as in step of "the first examination 
for the ring-opening reaction using a Grignard reagent", which was presented in Section 4.1.3. 
Therefore, the mechanism of the formation of 83 might be similar. This mechanism had already 
described in Section 4.1.3.2. Working mechanism suggests that the formation of the byproduct 
83 is due to the existence of the free proton on amine moiety. 
4.4.3. Optimization conditions for the stepwise-protection of amide and amine moieties 
Although 84 was first expected to be formed in a single step protection, chemical yield was 
low due to the formation of the byproduct 83. We thus decided to adopt stepwise protection of 
amine and amide moieties, as shown in Scheme IV-7. 
 
Scheme IV- 7. Stepwise-protection of amide and amine moieties under optimized conditions. 
Amine moiety in 74 was first protected to give 79 in excellent chemical yield (95%). 
Subsequently, amide moiety was protected to afford the corresponding Boc-protected 8-
membered azalactam derivative 84 in quantitative yield. 
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4.5. Ring-opening and esterification reactions 
4.5.1. Optimization of the reaction conditions for the ring-opening reaction  
The ring-opening of the lactam derivative 84 was next employed. The optimization conditions 
for this reaction are summarized in Table IV-4.    
Table IV- 4. Optimization of the reaction conditions for the ring-opening reaction. 
 
Although ring-opening of the N-Boc azalactam 84 by the treatment with phenyl-, ethyl or n-
butyl Grignard reagents did not proceed (Entries 1-3),35 a selective nucleophilic attack on the 
ring carbonyl group by a small nucleophile, a hydroxy anion, was achieved by the use of LiOH 
to afford the N-substituted ω-amino acid 85d (Entries 4-5).37 The used solvents were found to 
have a major impact, that is of the desired product 85d was not observed in a solvent system 
(toluene and H2O), (Entry 6). The optimization conditions for the ring-opening reaction of 84 
were chosen as highlighted in Table IV-4, Entry 5. 
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4.5.2. Optimization conditions for sequential ring-opening and esterification reactions  
 
Scheme IV- 8. Ring-opening and esterification reactions under optimized conditions. 
The optimization conditions for sequential ring-opening and esterification reactions are shown 
in Scheme IV-8. The ring-opening reaction of 84 was smoothly proceeded to produce the 
carboxylic acid 85d which was then converted to the corresponding methyl ester 86 by 
diazomethane in high yield (88% in 2 steps). 
4.6. Elimination reaction 
4.6.1. Base mediated elimination reaction 
Next, retro-Michael addition of the carbamate moiety in 86 was examined. 
As shown in Scheme IV-9, we firstly predicted the desired product E-1 could be obtained via 
an elimination mediated by base. Several bases were thus screened for the elimination 
reaction;38a, 38b however, unexpected compounds 87, 88, or 89 was produced, (Scheme IV-9, 
Equations a-c).  
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Scheme IV- 9. Base mediated elimination reaction. 
The failure of the retro-Michael reaction strategy led us to examine an alternative method for 
removal of the C3 unit. 
4.6.2. Elimination reaction via an introduction of a double bond on the propanoate branch 
We next planned to introduce a double bond at the α,β-position of the ester 86 to afford 86B 
and execute an oxidative cleavage to attain E-1, as shown in Scheme IV-10. 
 
Scheme IV- 10. Expected synthetic pathway. 
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The results for the introduction of an electrophile into 86 are summarized in Table IV-5. 
Table IV- 5. Results for the introduction of an electrophile on the propanoate brand. 
 
As shown in Table IV-5, Entry 1, PhSeCl was firstly used as an electrophile,39 desired 
compound 86A was not observed while the byproducts 86C and other one, whose structure is 
tentatively proposed to be 91, were formed; stating material was still remained. The reaction 
conditions were thus changed (Entry 2), but the reaction did not proceed, starting material 86 
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was almost recovered. 
An another electrophile, MeSSMe was next examined (Entries 3-8).40 86A was still not 
detected. The proposed byproduct 91 was always formed with high rate. To our surprise, an 
unpredicted urea product 90 without the propanoate moiety on nitrogen was instead isolated in 
24% yield (Entry 6). However, the urea ring 90 could not be constantly reproduced under 
examined conditions (Entries 4-8).  
The observations disclosed that MeSSMe may has no effect or only play the role as an 
additive on the formation of unpredicted compound 90. We then reasoned that LiHMDS 
probably played a crucial role on the elimination reaction and reaction temperature showed a 
certain effect on the reaction, possibly.  
4.6.3. Elimination reaction promoted by Lithium bis(trimethylsilyl)amide (LiHMDS) 
To confirm the given reasoning, the effect of temperature on the elimination promoted by 
LiHMDS was next investigated and the results are summarized in Table IV-6.  
Table IV- 6.  Effect of temperature on the elimination reaction promoted by LiHMDS. 
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As shown in Table IV-6, Entries 1-4, the reactions were examined under different 
temperatures, ranging from (-78 oC to 20 oC). Although the urea ring 90 was observed by TLC 
monitoring for all carried reactions, the isolated yield of 90 was only 6.5% as highlighted in 
Table IV-6, Entry 4. The proposed byproduct 91 was constantly formed.  
Although labile results were given, these are agreement with our forecast that LiHMDS and 
temperature were important influential factors. 
4.6.3.1. Investigation on mechanism of the elimination reaction by (TLC) monitoring 
In order to elucidate the mechanism of the elimination reaction on the formation of 90, we 
carefully monitored the reaction by TLC as illustrated in Figure IV-6.  
 
Figure IV- 6. Investigation on mechanism of the elimination reaction by TLC monitoring. 
As shown in Figure IV-6, the elimination reaction proceeded by using 3.0 equiv of LiHMDS, 
the reaction was first carried out at -78 oC for 3 h, then rt. In this test, both the desired product 
and proposed byproduct were formed. The phenomenon was observed at follows: When the 
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reaction was kept at rt (~ 1.5 min), starting material 86 was fast consumed, and desired product 
90 was significantly formed. However, when the reaction was kept at rt for a prolonged time (~ 5 
min, then >10 min), desired product immediately disappeared while proposed byproduct was 
quickly formed. Based on these observations, we turned to study mechanism of the reaction. 
Although a detail mechanistic picture requires further investigation, we tentatively proposed 
mechanism of the elimination reaction as shown in Figure IV-7. 
4.6.3.2. Tentatively proposed mechanism for the elimination reaction 
 
               Figure IV- 7. Tentatively proposed mechanism for the elimination reaction. 
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Under the treatment of LiHMDS, nucleophilic attack of nitrogen anion as shown in 86-1 
resulted in an urea ring derivative 86-2. Subsequently, an elimination reaction occurred to give 
an eliminated urea derivative 86-3 and a released methyl acrylate. 86-4 was then produced by 
Boc-transformation of 86-3. The Boc-transformation may result from the steric effect of Boc-
group on congested tertiary amine with bulky CH2OTBS group. 
When 86-4 was existed in the situ reaction and if: (1) The reaction was quickly worked-up at 
rt, the desired product 90 could be produced. (2) The reaction was kept at rt for a prolonged time, 
the reactive intermediate 86-4 might recombine with the released methyl acrylate to generate 86-
5. Further transformations probably took place as shown in 86-5 and 86-6, providing the 
byproduct 91. Although the byproduct 91 was still not unambiguously confirmed, the structure 
of 91 tentatively proposed based on the analysis of its spectra.  
To drive the elimination reaction towards the expected pathway. We hypothesized that an 
addition of a thiolate anion could trap methyl acrylate as a Michael donor to avoid the undesired 
recombination of the anion 86-4 with methyl acrylate as shown in 92.  
4.6.3.3. Optimization conditions for the elimination reaction 
The β-elimination reaction from 86 was again examined by the addition of a thiol (RSH). The 
results are summarized in Table IV-7a and 7b. 
As shown in Table IV-7a, Entries 1-2, 2.0 and 2.5 equiv of LiHMDS were first examined with 
addition of thiol, the reactions were conducted at -78 oC to 25 oC. The urea 90 was obtained in an 
improved yield (up to 40%); however, the starting material 86 was still recovered. Indeed, the 
production of β-thiopropanoate 92 (R = p-MeC6H4) was confirmed by the analyses of 1H NMR 
spectra of the byproducts.41  
To increase the conversion, reaction temperature was next investigated. As shown in Entry 3, 
the reaction was heated to 50 oC, but the desired product 90 was produced in lower chemical 
yield (25%) due to the formation of other unknown byproducts. LiHMDS (3.0 equiv) was then 
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examined. The desired product 90 was again obtained in 40%, the stating material 86 was still 
remained (25%) and the formation of byproduct 91 was slightly increased (11%), (Entry 4).  
Table IV- 7a. Optimization of reaction conditions for the elimination reaction. 
 
The results revealed that to obtain 90 in higher chemical yield, a sufficient amount of 
LiHMDS should be employed. However, the existence of a larger amount of LiHMDS in the 
reaction system will promote the formation of the byproduct 91. Therefore, we decided  to added 
LiHMDS into the reaction mixture in two occasions. 
In the case of stepwise addition of LiHMDS (two occasions), LiHMDS (3.0 equiv) was 
examined, the reaction could stably proceed to give 90 in better yield (45%), the stating material 
was almost consumed, unidentified byproducts were observed (Entry 5). And when LiHMDS 
(4.0 equiv) was employed, chemical yield of 90 was not improved (44%), while byproduct was 
still existed (16%),  (Entry 6). 
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In an attempt to improve chemical yield of 90, we decided to added LiHMDS into the reaction 
mixture in three occasions. 
In next examinations as shown in Table IV-7b, p-MeC6H4SH was chosen as a Michael donor 
to trap the released methyl acrylate because several thiols have been employed, the used thiols 
displayed only a slight effect on the reactivity (Table IV-7a, Entries 1-6).  
A shown in Table IV-7b, Entries 7-11, LiHMDS was added to the reaction mixture on three 
occasions and an amount of LiHMDS was screened. Chemical yields of the examined reactions  
were obtained in almost 60%. The optimization conditions were then chosen as highlighted in 
Table IV-7b, Entry 8. 
Table IV-7b. Optimization of reaction conditions for the elimination (continue). 
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4.6.4. Elimination reaction under optimized conditions 
As shown in Scheme IV-11, the elimination reaction smoothly performed under optimized 
conditions to give 90 in 65%.  
 
Scheme IV- 11. Elimination reaction under optimized conditions. 
Until this step, the C3 unit has successful removed from the fused pyrazolidine. Compound 90 
is realized as the key product in this synthetic approach towards manzacidin C.  
4.6.5. The regiochemistry of the Boc group in 90 
 
Scheme IV- 12. The regiochemistry of the Boc group in 90. 
As shown in Scheme IV-12, the regiochemistry of the Boc group in 90 was confirmed by its 
transformation to 93. The chemical shift of the benzylic proton in 93 was scarcely shifted from 
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4.7. Oxidation of phenyl group in 90  
4.7.1. The first expected synthetic pathway from the elimination reaction towards the 
synthesis of manzacidin C 
The remaining main task for the synthesis of manzacidin C was an oxidation of the phenyl 
group into a carboxylic acid. The first expected synthetic pathway from the elimination reaction 
towards manzacidin C as shown in Scheme IV-13. In this synthetic pathway, our prediction was 
that carboxylic acid 90A could be obtained via the oxidation of the phenyl group in 90. The 
corresponding urea derivative 90A was then subjected to a hydrolysis reaction to afford a target 
compound (E-2). If it occurred, manzacidin C could be achieved in several steps according to the 
reported procedure of Ohfune group. 6 
 
Scheme IV- 13. The first expected pathway from the elimination step towards manzacidin C. 
 
4.7.2. Examination for the oxidation reaction of the phenyl group in 90 
To test the feasibility of our plan, the oxidation reaction was examined.42 The results of such 
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   Table IV- 8. Result of examinations for the oxidation of phenyl group in 90. 
 
As shown in Table IV-8, entries 1-6, the oxidation reactions were investigated under various 
conditions. In order to make an isolation easily, the reaction mixture was treated with 
diazomethane. The results indicated that: (1) A complex mixture was obtained. (2) The expected 
carboxylic compound 90A was not produced. (3) Compound 90B might be formed but its 
structure was not clearly confirmed owing to a larger amount of impurities containing; these 
observations were based on 1H NMR analysis of the crude reaction mixture. (4) When crude 90B 
was subjected to an esterification with diazomethane, the corresponding methyl ester was 
detected by crude 1H NMR analysis. That meant a trace mount of 90C might be formed, but its 
structure has not been confirmed yet. In this synthetic approach, the desired compound 90A 
could not be attained. The major causes of  the failure reactions have not been clearly determined.  
These observations led us on an another synthetic approach which will be described in next 
section. 
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4.8. Hydrolysis reaction of the urea ring 
4.8.1. The second expected synthetic pathway from the elimination reaction towards the 
synthesis of manzacidin C 
 
Scheme IV- 14. The second expected pathway from the elimination step towards manzacidin C. 
As shown in Scheme IV-14, the second expected pathway from the elimination step towards 
manzacidin C is illustrated. The first one was mentioned in Section 4.7. 
In this approach, the transformations were planned that: (1) Hydrolysis of 90 to give an 
ammonium salt 94. (2) Protection of the resulting amine and hydroxyl moieties in 94 to give the 
protected compound (E). (3) Oxidation of the phenyl group to furnish the corresponding 
carboxylic acid (E-3). The known-lactone can be readily constructed by a simultaneous 
lactonization. The conversion of the formed lactone to manzacidin C in 3 steps in accordance 
with the reported procedure of Ohfune group. 
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4.8.2. Optimization conditions for the hydrolysis of the urea ring 90 
When the urea 90 was subjected to conc. HCl under reflux conditions, the hydrolysis 
proceeded to give a 1,3-diamine hydrochloride 94,43 as shown in Scheme IV-15. 
 
Scheme IV- 15. Hydrolysis of the urea ring under optimized conditions. 
4.9. Protective reactions after the hydrolysis reaction of the urea ring 90 
4.9.1. Protection for amines resulting from a neutralization of the ammonium salt 94 
4.9.1.1. Optimization of the reaction conditions for the protection of amine moieties 
Boc-protection of amine moieties in 94 was next conducted. The optimization conditions for 
this reaction are summarized in Table IV-9.  
As shown in Table IV-9, Entries 1-7, various factors were screened for the Boc-protection of 
the amine moieties in 94. The first examination by the use of 4.0 equiv of 2 M NaOH and 2.5 
equiv of di-tert-butyl dicarbonate (Boc2O) was performed.44 The result showed that the desired 
compound 95 was not produced instead of the formation of a byproduct 96 (Entry 1).  
To prevent the formation of 96, a weaker base (NEt3)45 was then employed (Entry 2). As the 
result, the byproduct 96 was trivially formed but the reaction proceeded rather slow. The reaction 
was carried out at rt for 40 h, 95 was obtained in only 24% yield.  
As shown in Entries 3-7, the use of NaHCO3 was next investigated.46 The effect of (1) the 
amount of reagents (NaHCO3 and Boc); (2) addition time of Boc2O to the reaction mixture and 
(3) reaction time were screened. Based on the given results, the optimization conditions were 
chosen as highlighted in Table IV-9, Entry 7. 
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    Table IV- 9. Optimization of the reaction conditions for the protection of amine moieties. 
 
4.9.1.2. Optimization conditions for sequential hydrolysis and protection reactions 
 
Scheme IV- 16. Sequential hydrolysis of 90 and protection of amines moieties in 94. 
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As shown in Scheme IV-16, the sequential hydrolysis of the urea ring 90 and Boc-protection 
of the resulting amine moieties 94 were conducted. The reactions smoothly proceeded to furnish 
95 in 73% yield (2 steps). 
4.9.2. Optimization conditions for the acetylation of the hydroxyl group in 95 
As shown in Scheme IV-17, under optimized conditions, acetylation of the remaining 
hydroxyl group in 95 proceeded well to afford 97 in 91% yield. 
 
Scheme IV- 17. Acetylation of the hydroxyl group in 95 under optimized conditions. 
4.10. Oxidation of the phenyl group in 97 and subsequent lactonization reaction 
4.10.1. Oxidation reaction of the phenyl group in 97 
4.10.1.1. Optimization of reaction conditions for the oxidation of the phenyl group  
RuCl3/NaIO4 oxidation of the phenyl group in 97 was performed to give the corresponding 
carboxylic acid 98. The catalytic cycle of the oxidation is generally described as follows: RuO4 
species was first generated in the situ by the oxidation reaction of ruthenium (III) chloride with 
aqueous periodate, NaIO4. Then, the contact between RuO4 and the phenyl group in 97 to be 
oxidized to the corresponding carboxylic acid took place in the organic phase, where they were 
both most soluble. The ruthenium dioxide, RuO2 produced after oxidation was insoluble in all 
solvents and migrates to the interface where it contacted the oxidant, NaIO4 (in the aqueous 
layer) and was reoxidized to RuO4. The catalytic cycle was thus continued. 42  
For those reasons, the oxidation reaction should be conducted under a compatible  solvent 
system with vigorous stirring to achieve good contact between all components. A biphasic 
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solvent system (MeCN:CCl4:H2O) was chosen for this oxidation reaction after several 
examinations. The influence of factors on the productivity (i.e amount of the used RuCl3, 
reaction temperature, reaction time, reaction medium (pH), or addition time of the oxidant) was 
investigated. The optimization of the reaction conditions is summarized in Table IV-10. 
Table IV- 10. Optimization of reaction conditions for the oxidation of the phenyl group. 
 
According to the examinations for the oxidation of the phenyl group in 90 as mentioned in 
Section 4.7.2, the stoichiometric conditions were required to increase the conversion of such 
reactions. Thus, we started with stoichiometric conditions. Reaction temperature (0 oC, 25 oC) 
and reaction time (short time and prolonged time) were also screened, as shown in Table IV-10, 
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Entries 1-3. Although the reactions proceeded, chemical yields were low and unidentified 
byproduct were observed by 1H NMR analysis. Furthermore, it was difficult to treat the reaction 
mixture in the purification state due to a large amount of Ru species containing. These results 
suggest that stoichiometric conditions were not compatible with the reaction system. Therefore, 
we turned to optimize reaction conditions based on catalytic version. 
As shown in Table IV-10, Entries 4-6, 0.5 equiv of RuCl3 was examined. Some factors which 
have been found to be an important influential factor on the oxidation reaction were again 
investigated, such as reaction temperature, reaction time and pH of reaction mixture.  
The reaction was first monitored at 0 to 25 oC for 48 h. When reaction was conducted at 0 oC 
for 24 h, the oxidation reaction cleanly proceeded but rather slow. The reaction was then kept at 
25 oC in an additional 24 h. As the result, 98 was isolated in low yield (19%) and unidentified 
byproducts were also realized (Entry 4). 
Room temperature (25 oC) was realized to be consistent with the reaction system. Thus, the 
reaction conditions as shown in Entry 5 was employed for the oxidation reaction. Gratifyingly, 
chemical yield of the desired product 98 was increased (up to almost 60%).  
Evaluation of reaction medium, we observed that pH of reaction mixture at the early stage was 
around 5; however, at the later stage, the acidity of the reaction mixture was enhanced (pH = 
1~2). In an attempt to improve chemical yield, we decided to added buffer (pH = 7) to the 
reaction mixture and pH of the reaction mixture was then controlled at around 4. This 
examination was conducted because (1) It has been pointed out that RuCl3.H2O is not a good Ru 
source under acidic conditions (pH < 5), because it initially gives an orange RuIV chloro aquo 
complex, which is slowly oxidized to RuO4. (2) In order to avoid the formation of unidentified 
byproducts under high acid medium of the oxidation reaction. However, the oxidation reaction 
was found to be not compatible under examined conditions. Unidentified byproducts still were 
detected by 1H NMR spectrum (Entry 6). 
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Promoted by a good results obtaining when catalytic amount of RuCl3 was used, we next 
focused our attention on the catalytic version. As shown in Entry 7, 0.4 equiv of RuCl3 was next 
examined, the oxidation reaction proceeded but the product was in lower chemical yield (28%) 
than the reaction by the use of 0.5 equiv of RuCl3. In this examination, the generated RuO4 
species volatized caused by our less control. Nevertheless, these results are in line with the 
argument that a sufficient amount of RuCl3 is required for the oxidation reaction. Hence, we 
decided to use 0.5 equiv of RuCl3 for the reaction and the optimization conditions were chosen 
as highlighted in Table IV-10, Entry 8. 
4.10.1.2. Optimized conditions for the oxidation of the phenyl group in 97 
With the optimized reaction conditions in hand, the oxidation reaction of the phenyl group in 
97 was again conducted as shown in Scheme IV- 18. 98 was reproduced with almost 60%. 
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4.10.2. Optimization conditions for sequential oxidation and lactonization reactions 
The final synthetic strategy towards manzacidin C is displayed in Scheme IV-19. The 
synthetic sequence was three steps. 
 
Scheme IV- 19. Oxidation and lactonization reactions under optimized conditions. 
In particular, RuCl3/NaIO4 oxidation of the phenyl group in 97 was performed to give the 
corresponding carboxylic acid 98. Finally, with cursory purification, 98 was subjected to 
saponification with K2CO3 in dry MeOH generated 99 followed by acidic workup with an 
aqueous solution of KHSO4 to afford lactone 100 in 46% yield (3 steps).47 All spectroscopic data 
of 100 were identical with those reported in the literature.6,13 The synthesis of manzacidin C in 
three steps from the lactone 100 has been reported by Ohfune and Shinada.6 Thus, a formal total 
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4.10.3. Three known steps from the achieved lactone towards manzacidin C 
Three known steps from the achieved lactone 100 towards the synthesis of manzacidin C 
reporting by Ohfune group are resumed in Scheme IV-20. 
 
Scheme IV- 20. Three known steps from the achieved lactone 100 towards manzacidin C. 
The reported procedure is that manzacidin C could be achieved from the produced lactone 100 
through following transformations:  
1) Construction of tetrahydropyrimidine in 79% by the treatment of the produced lactone 100 
with (a) trifluoroacetic acid (TFA) and (b) methyl orthoformate, CH(OMe)3. 
 2) Completion of the synthesis of manzacidin C by an esterification of the constructed 
tetrahydropyrimidine with trichloroacetylbromopyrrole. By mean, manzacidin C could be 
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4.11. Summary for chapter IV 
The brief summary for the formal total synthesis of manzacidin C is given in Figure IV-8.  
Overall, the synthesis started with the construction 54a of the stereo-framework of manzacidin 
C. Following 14 step transformations provided the known-lactone 100. Finally, manzacidin C 
could be achieved in known-three steps.  
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CHATER V: A SUMMARY FOR FRUITFUL OUTCOMES, A PROPOSAL OF AN 
EXTENSIVE APPLICATION, GENERAL CONCLUSIONS 
 
This chapter provides (1) a general summary for the fruitful outcomes of the present study; (2) 
a proposal of an extensive application and (3) general conclusions. 
5.1. Fruitful Outcomes 
5.1.1. Summary for the development of the 1,3-dipolar cycloaddition reaction of 
azomethine imines 
In this regard, the efficient synthetic method for the optically active pyrazolidines 54 
possessing a nitrogen substituted a quaternary carbon center has been well-developed. A general 
summary for these works is given in Figure V-1, Equations a-b. 
 
Figure V- 1. Summary for the developed 1,3-dipolar cycloaddition reactions. 
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The developing progress of the 1,3-dipolar cycloaddition of azomethine imines 47 to methallyl 
alcohol (53) goes through two stages involving  (1) the initial synthetic procedure as shown in 
Figure V-1, Equation a, and (2) the optimal synthetic procedure as shown in Figure V-1, 
Equation b. To resume that: 
1) In the case of the initial procedure (Equation a), a mixture of methallyl alcohol (53) (x 
equiv) and (R,R)-DIPT (1.0 equiv) in a solvent was treated with a Grignard reagent RMgX (y 
equiv), followed by the addition of azomethine imines 47 (1.0 equiv) at 0 °C, and then the 
reaction mixture was heated at 80 °C for 5 d. The results indicated that the 1,3-dipolar 
cycloadditions smoothly proceeded to afford the corresponding pyrazolidines with complete 
diastereoselectivitites, high enantioselectivities (up to 91%) and in good to high chemical yields 
(up to 74%). Several substituted azomethine imines were well tolerated with the standard 
reaction conditions. 
2) In the light of the results obtaining from the initial synthetic procedure, an optimal 
procedure for the construction of the pyrrazolidines was then figured out as shown in Equation b. 
In this procedure, the addition of the Grignard reagent last to the mixture of the azomethine 
imines 47, methallyl alcohol (53), and chiral DIPT as mentioned in the improved procedure. The 
corresponding cycloadducts were reproduced with complete diastereoselectivitites, excellent 
enantioselectivities (up to 97%) and in moderate to high chemical yields (up to 77%).  
In addition, in the case of the cycloadduct derived from a phenyl-substituted azomethine imine 
by the use of (S,S)-DIPT, two chiral centers and adequate functional groups toward the synthesis 
of manzacidin C were mostly introduced in a single operation with a complete 
diastereoselectivity, an excellent enantioselctivity (up to 95%), and in good yield (59%). The 
absolute stereochemistry of this cycloadduct has been determined. Recrystallization of the 
obtained cycloadduct enhanced the optical purity of the cycloadduct up to 99.4% ee, which was 
then subjected to further transformations towards the total synthesis of manzacidin C. 
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5.1.2. Summary for the formal total synthesis of manzacidin C 
The formal total synthesis of manazacidin C based on the developed 1,3-dipolar cycloaddition 
has been explored through the removal of the three-carbon bridge on two nitrogens in the formed 
pyrazolidine ring (C3 unit). 
A whole picture of the accessing enantioselective formal total synthesis of manzacidin C is 
resumed into two parts. (1) The early synthetic stages starting from the produced cycloadduct to 
the elimination product as shown in Figure V-2. (2) The late synthetic stages starting from 
elimination product to the final target (lactone) as shown in Figure V-3.  
5.1.2.1. The early synthetic stages 
As shown in Figure V-2 is the early synthetic stages towards manzacidin C. The highlights of 
these synthetic stages are (a) construction of the stereo-framework of manzacidin C in a single 
operation; (b) development of a novel synthetic method for the removal of the C3 unit. These 
involve the following transformations: 
1) Construction of the stereo-framework of manzacidin C 54a by the developed 1,3-dipolar 
cycloaddition of the phenyl-substituted azomethine imine 47a to methallyl alcohol (53) utilizing 
(S,S)-DIPT as a chiral auxiliary. This reaction is supposed as a key reaction towards the synthesis 
of manzacidin C. 
2) Protection of the hydroxyl group on 54a with tert-butylchlorodimethylsilane (TBSCl), 
providing 56 in 96% yield. 
3) Reductive cleavage of N-N bond incorporated in the cycloadduct 56 with Na/NH3,  
providing 74 in 76%. 
4) Stepwise Boc-protections of the resulting amine moieties on 74 to give Boc-protected 8-
membered azalactam 84 with (>95%). 
5) Ring-opening of the N-Boc azalactam 84  by the use of LiOH, affording the N-substituted ω-
amino acid 85d followed by the esterification with diazomethane, providing 86 in 88% yield. 
6) Retro-Michael addition of the carbamate moiety in 86 was examined by the use of  LiHMDS 
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and an addition of a Michael donor (p-MeC6H4SH), affording 90 in 65% yield. The elimination 
product 90 is reputed to be as a key compound in the synthesizing manzacidin C. 
 
     Figure V- 2. Summary for the early stages of the formal total synthesis of manzacidin C. 
5.1.2.2. The late synthetic stages 
The late synthetic stages towards manzacidin C stating from the key compound 90 to the 
known-lactone 100. The most challenge of these synthetic stages is the oxidation of the phenyl 
ring moiety to the carboxylic acid functionality.  
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Finally, the conformable synthetic pathway was found out and such examinations were 
resumed in Figure V-3. The synthesis involves the following transformations: 
1) Hydrolysis of the urea 90 by conc. HCl to give 1,3-diamine hydrochloride 94 followed by 
Boc-protection of the resulting 1,3-diamine moiety, providing 95 in 73% yield in 2 steps. 
2) Acetylation of the remaining hydroxyl group on 95, furnishing 97 in 91% yield. 
3) RuCl3/NaIO4 oxidation of the phenyl group on 97 to give the corresponding carboxylic acid 
98 which was then subjected to saponification with K2CO3 followed by acidic workup with an 
aqueous solution of KHSO4,  affording the known-lactone 100 in 46% yield (3 steps). 
This synthesis has been accomplished as the formal total synthesis of manzacidin C. 
 
Figure V- 3. Summary for the late stages of the formal total synthesis of manzacidin C. 
  
 Page 114 
5.2. A proposal for an extensive application of the present study 
Indeed, many asymmetric 1,3-dipolar cycloadditions of azomethine imines possessing 
pyrazolidinone moieties to olefins have been reported.16d However, the conversion of the 
produced fused pyrazolidines to acyclic 1,3-diamine derivatives has not yet been achieved.  
Some representative examples of the reported pyrazolidines are shown in Figure V-4, 
Equations a-f.16d 
 
Figure V- 4. Representative examples of the 1,3-dipolar cycloaddition of azomethine imines. 
By mean of the unusual approach in synthesizing manzacidin C based on 1,3-dipolar 
cycloaddition reaction of azomethine imine, the removal strategy of the C3 unit fused 
pyrazolidine has been first discovered  by the present study. 
To take complete advantage of this research, we are delighted to propose an extensive 
application  of  the present research and these are outlined in Figure V-5. 
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Figure V- 5. Illustration for an extensive application of the present study. 
The distinctive features of the present study is that if a racemic or enantiomerically enriched 
cycloadduct (F) is successfully constructed by the 1,3-dipolar cycloaddition of an azomethine 
imine to a 1,3-dipolarophile. The conversion of the produced fused pyrazolidines (F) to acyclic 
1,3-diamine derivatives (G) could be achieved by the utilizing of the present synthetic 
methodology. Further contrived transformations are probably then developed to construct a 
variety of other cyclic as well as acyclic functionalized organic molecules for the sake of a 
certain application. For instance, the transformation of an optically active acyclic 1,3-diamine 
derivative (G) to the corresponding tetrahydropyrimidine derivative (H) which was used for 
biological screening, likely. 
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5.3. General conclusions 
To conclude, we have successfully developed: 
1) The 1,3-dipolar cycloaddition reactions of azomethine imines to methallyl alcohol utilizing 
diisopropyl tartrate (DIPT) as a chiral auxiliary for the construction of the pyrazolidines 
possessing two contiguous stereogenic centers in which one is a quaternary carbon with complete 
diastereoselectivities, excellent enantioselectivities and in high chemical yields.  
2) An efficient synthetic methodology to access enantioselective formal total synthesis of 
manzacidin C in 11 step sequences with high to excellent chemical yields. The formal total 
synthesis of manzacidin C was accomplished through the removal of the C3 unit of the 
cycloadduct which produced by the asymmetric 1,3-dipolar cycloaddition of the phenyl-
substituted azomethine imine to methallyl alcohol using (S,S)-DIPT as a chiral auxiliary.  
It is noteworthy that the results from the present study would be widely applicable in synthetic 
chemistry and receive much attention from chemists because the conversion of the produced 
fused pyrazolidines to acyclic 1,3-diamine derivatives has not yet been achieved to the best of 
our knowledge although many asymmetric 1,3-dipolar cycloadditions of azomethine imines 
















EXPERIMENTAL AND ANALYTICAL DATA 
 
Experimental and analytical parts provide detail data for optimization conditions of the 
reactions which were presented in Chapter II and Chapter IV. 
The structures of the compounds 57, 58, 59, 60, 61(61A-1), 61A-2, 62, 62A, 63, 64, 67, 69, 69A, 
70, 70B-1, 70B-2, 71, 73, 76A, 76B, 77, 78, 80, 81, 81B, 82, 83, 86C, 87, 88, 89, 90B, 90C, 91, 
and 96 were not completely determined. They were speculated by their 1H NMR spectra and the 
proposed structures of them were depicted in this dissertation. 
 
General Method. 1H NMR spectra were recorded on a 400 MHz NMR spectrometer. Chemical 
shifts δ are reported in ppm using TMS as an internal standard. Data are reported as follows: 
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), coupling constant 
(J) and integration. 13C NMR spectra were recorded on a 100 MHz NMR spectrometer. The 
chemical shifts are reported relative to CDCl3 (δ = 77.0 ppm). The wavenumbers of maximum 
absorption peaks in IR spectra are presented in cm−1. All of the melting points were measured 
with a micro melting point apparatus. The specific optical rotations were recorded on a 
polarimeter. HRMS (EI, FAB, and DART) spectra were measured with quadrupole and TOF 
mass spectrometers. Dehydrated solvents were purchased for the reactions and used without 
further desiccation.   
 
(5S,7S)-7-(Hydroxymethyl)-7-methyl-5-phenyltetrahydropyrazolo[1,2-a]pyrazol-1(5H)-one 
(54a): For improved procedure: A MeCN (3.0 mL) solution of methallyl alcohol (53) (0.362 g, 
5.0 mmol) and MeCN (57 mL) were consecutively added to a mixture of 
(S,S)-DIPT (1.175 g, 5.0 mmol) and azomethine imine 47a (0.874 g, 5.0 
mmol) under an argon atmosphere. Then the mixture was cooled to 0 °C, 
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and methylmagnesium bromide (16.5 mL of 0.91 M solution in THF, 15.0 mmol) was slowly 
added. The reaction was stirred at 0 °C for 0.5 h, at rt for 1 h and then 7 d at 80 °C. The reaction 
was quenched by the addition of a sat. aqueous solution of NH4Cl and the mixture was 
subsequently extracted with CHCl3. The combined extracts were dried over Na2SO4 and 
concentrated under reduced pressure. The residue was purified by column chromatography (SiO2, 
hexane/AcOEt = 1/1 to 0:1, then AcOEt/MeOH = 20/1 to 10/1) to give the corresponding 
pyrazolidine 54a as a solid (0.727 g, 59%). Rf = 0.5 (AcOEt/MeOH = 5/1). Mp 111–112 °C. 
[α]25D –15 (c 0.31, EtOH). The ee was determined to be 95% by HPLC (Daicel CHIRALPAK IA, 
hexane/EtOH = 20/1, 0.75 mL/min, 254 nm, major 61 min, minor 49 min), (Table II-4, Entry 1). 
For initial procedure (the general procedure as mentioned in Section 2.1.3).  
Starting from azomethine imine 47a (0.523 g, 3.0 mmol), 54a (451 mg, 61%) was obtained as a 
white solid. EtCN (80 mL) was used as a solvent. Rf = 0.43 (AcOEt/MeOH = 20/1). M.p 100-
101 oC. 
25[ ]Dα  = +13.9 (c 0.2, EtOH). The ee was determined to be 85% by HPLC (Daicel 
CHIRALPAK IA, hexane/EtOH = 20/1, 0.75 mL/min, 254 nm, major 53 min and minor 65 min 
(Table II-2, Entry 3). 
1H NMR (400 MHz, CDCl3): δ = 1.60 (s, 3H), 2.20 (dd, J = 12.8, 10.1 Hz, 1H), 2.50 (dd, J = 
12.8, 7.3 Hz, 1H), 2.69–2.80 (m, 2H), 2.90–3.02 (m, 1H), 3.37–3.44 (m, 1H), 3.55 (dd, J = 10.1, 
7.3 Hz, 1H), 3.71 (dd, 11.9, 8.6 Hz, 1H), 3.90 (d, J = 11.9 Hz, 1H), 5.30 (d, J = 8.6 Hz, 1H), 
7.28–7.38 (m, 5H). 13C NMR (100 MHz, CDCl3): δ = 22.3, 36.6, 50.1, 51.0, 62.3, 68.8, 70.5, 
127.0, 128.2, 128.7, 137.4, 164.3. IR (KBr): 3381, 3240, 2970, 2832, 1669, 1644, 1456, 1432, 
1414, 1249, 1187, 1158, 1136, 1063, 1050, 774, 702 cm–1. Anal. Calcd for C14H18N2O2: C, 
68.27; H, 7.37; N, 11.37. Found: C, 68.19; H, 7.49; N, 11.38. 
In a similar manner, pyrazolidines 54b–54e were obtained from azomethine imines 47b–47e,  
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(5R,7R)-7-(Hydroxymethyl)-7-methyl-5-(p-tolyl)tetrahydropyrazolo[1,2-a]pyrazol-1(5H)-
one (54b): For improved procedure: Starting from azomethine imine 
47b (391mg, 2.08 mmol) by the use of (R,R)-DIPT  (487 mg, 2.08 
mmol), 54b (244 mg, 45%) was obtained as a solid. Rf = 0.6 
(AcOEt/MeOH = 10/1). Mp 134–136 °C. [α]25D +21 (c 0.50, EtOH).  
The ee was determined to be 91% by HPLC (Daicel CHIRALPAK IA, hexane/isopropanol = 
40/1, 1.0 mL/min, 254 nm, major 72 min and minor 90 min), (Table II-4, Entry 3). 
For initial procedure:  Starting from azomethine imine 47b (0.57 g, 3.0 mmol), 54b (467 mg, 
60%) was obtained as a pale yellow solid. EtCN (40 mL) was used as a solvent. Rf = 0.57 
(AcOEt/MeOH = 10/1). M.p 133-135 oC. 
25[ ]Dα  = +21.9 (c 0.2, EtOH). The ee was determined to 
be 91% by HPLC (Daicel CHIRALPAK IA, hexane/isopropanol = 40/1, 1.0 mL/min, 254 nm, 
major 74 min and minor 90 min, (Table II-2, Entry 3). 
1H NMR (400 MHz, CDCl3): δ = 1.60 (s, 3H), 2.18 (dd, J = 13.3, 10.1 Hz, 1H), 2.35 (s, 3H), 
2.44 (dd, J = 13.3, 7.3 Hz, 1H), 2.73 (dd, J = 15.6, 8.2 Hz, 1H), 2.76 (dd, J = 8.7, 5.0 Hz, 1H), 
2.96 (m, 1H), 3.41 (dd, J = 8.7, 8.2 Hz, 1H), 3.48 (dd, J = 10.1, 7.3 Hz, 1H), 3.65 (d, J = 11.9 Hz, 
1H), 3.91 (d, J = 11.9 Hz, 1H), 5.31 (brs, 1H), 7.17 (d, J = 8.2 Hz, 2H), 7.25 (d, J = 8.2 Hz, 2H). 
13C NMR (100 MHz, CDCl3): δ = 21.1, 22.5, 33.6, 50.2, 51.1, 62.5, 69.3, 70.5, 127.1, 129.5, 
134.3, 138.1, 164.5. IR (KBr): 3264, 2975, 2910, 2850, 1663, 1518, 1413, 1151, 1086, 1051, 821 
cm–1. Anal. Calcd for C15H20N2O2: C, 69.20; H, 7.74; N, 10.76. Found: C, 69.07; H, 7.80; N, 
10.75. 
(5R,7R)-5-(4-chlorophenyl)-7-(hydroxymethyl)-7-methyltetrahydropyrazolo[1,2a]pyrazol-
1(5H)-one (54c): For improved procedure: Starting from azomethine 
imine 47c (426 mg, 2.04 mmol) by the use of (R,R)-DIPT (479 mg, 
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(AcOEt/MeOH = 10/1). Mp 107–109 °C. [α]25D +29 (c 0.76, EtOH). The ee was determined to 
be 91% by HPLC (Daicel CHIRALPAK IA, hexane/EtOH = 20/1, 0.75 mL/min, 254 nm, major 
78 min and minor 104 min), (Table II-4, Entry 2). 
For initial procedure: Starting from azomethine imine 47c (0.63 g, 3.0 mmol), 54c (423 mg, 
50%) was obtained as a yellow solid. EtCN (40 mL) was used as a solvent. Rf = 0.39 
(AcOEt/MeOH = 10/1). M.p 107-109 oC. 25[ ]Dα  = +19.2 (c 0.2, EtOH). The ee was determined to 
be 81% by HPLC (Daicel CHIRALPAK IA, hexane/EtOH = 20/1, 0.75 mL/min, 254 nm, major 
75 min and minor 121 min, (Table II-2, Entry 4). 
1H NMR (400 MHz, CDCl3): δ = 1.59 (s, 3H), 2.13 (dd, J = 12.8, 10.0 Hz, 1H), 2.49 (dd, J = 
12.8, 7.3 Hz, 1H), 2.69–2.78 (m, 2H), 2.91–3.02 (m, 1H), 3.41(dd, J = 9.2, 7.8 Hz, 1H), 3.52 (dd, 
J = 10.0, 7.3 Hz, 1H), 3.70 (d, J = 11.9 Hz, 1H), 3.88 (d, J = 11.9 Hz, 1H), 5.18 (brs, 1H), 7.29–
7.35 (m, 4 H). 13C NMR (100 MHz, CDCl3): δ = 22.5, 36.6, 50.3, 51.0, 62.4, 68.8, 69.8, 128.4, 
129.0, 134.0, 136.0, 164.4. IR (KBr): 3264, 2975, 2910, 2850, 1663, 1518, 1413, 1151, 1086, 
1051, 821 cm–1. HRMS (EI) calcd for C14H17N2O2Cl [M+] 280.0979, found: 280.0976. 
(5R,7R)-5-Cyclohexyl-7-(hydroxymethyl)-7-methyltetrahydropyrazolo[1,2-a]pyrazol-
1(5H)-one (54d): For improved procedure: Starting from azomethine imine 47d (567 mg, 3.15 
mmol) by the use of (R,R)-DIPT (737 mg, 3.15 mmol), 54d (497 mg, 
63%) was obtained as an oil. Rf = 0.4 (AcOEt/MeOH = 10/1). [α]25D –31 
(c 0.47, EtOH). The ee was determined to be 85% by HPLC (Daicel 
CHIRALPAK IA, hexane/EtOH = 20/1, 0.75 mL/min, 254 nm, major 43 min and minor 49 min). 
(Table II-4, Entry 4). 
For initial procedure: Starting from azomethine imine 47d (0.541 g, 3.0 mmol), 54d (455 mg, 
60%) was obtained as a yellow oil. EtCN (45 mL) was used as a solvent. Rf = 0.44 
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HPLC (Daicel CHIRALPAK IA, hexane/EtOH = 20/1, 0.75 mL/min, 254 nm, major 45 min and 
minor 52 min, (Table II-2, Entry 5). 
1H NMR (400 MHz, CDCl3): δ = 0.92–1.03 (m, 2H), 1.10–1.28 (m, 3H), 1.39–1.45 (m, 1H), 
1.47 (s, 3H), 1.64–1.80 (m, 5H), 1.94 (dd, J = 12.8, 9.6 Hz, 1H), 2.12 (dd, J = 12.8, 7.8 Hz, 1H), 
2.33 (m, 1H), 2.66 (dd, J = 14.6, 8.2 Hz, 1H), 2.74 (td, J = 8.2, 12.8 Hz, 1H), 2.93 (ddd, J = 14.6, 
12.8, 8.2 Hz, 1H), 3.57 (d, J = 11.9 Hz, 1H), 3.60 (dd, J = 9.6, 7.8 Hz, 1H), 3.79 (d, J = 11.9 Hz, 
1H), 5.46 (br, 1H). 13C NMR (100 MHz, CDCl3): δ = 22.1, 25.9, 26.0, 26.2, 28.6, 30.5, 36.6, 
40.5, 44.0, 53.7, 61.3, 69.2, 71.6, 163.4. IR (neat): 3373, 2924, 2855, 1656, 1447, 1440, 1348, 
1267, 1188, 1159, 1063, 892, 754 cm–1. HRMS (DART) calcd for C14H25N2O2 [(M+H)+] 
253.19160, found: 253.19150. 
(5R,7R)-5-(t-Butyl)-7-(hydroxymethyl)-7-methyltetrahydropyrazolo[1,2-a]pyrazol-1(5H)-
one (54e): For improved procedure: Starting from azomethine imine 47e (106 mg, 0.69 mmol) 
by the use of (R,R)-DIPT (161 mg, 0.69 mmol), 54e (87 mg, 56%) was 
obtained as a solid. Rf = 0.6 (AcOEt/MeOH = 10/1). Mp 55–56 °C. [α]25D 
–52 (c 0.45, EtOH). The ee was determined to be 88% by HPLC (Daicel 
CHIRALPAK IA, hexane/EtOH = 30/1, 0.75 mL/min, 254 nm, major 42 min and minor 54 min), 
(Table II-4, Entry 5). 
For initial procedure: Starting from azomethine imine 47e (0.463 g, 3.0 mmol), 3e (502 mg, 
74%) was obtained as a pale yellow solid (after recystallization in pentane/AcOEt). EtCN (45 
mL) was used as a solvent. Rf = 0.6 (AcOEt/MeOH = 10/1). M.p 57 oC. 25[ ]Dα   = - 62.3 (c 0.2, 
EtOH). The ee was determined to be 83% by HPLC (Daicel CHIRALPAK IA, hexane/EtOH = 
30/1, 0.75 mL/min, 254 nm, major 47.4 min, minor 60.6 min, (Table II-2, Entry 6).   
1H NMR (400 MHz, CDCl3): δ = 0.94 (s, 9H), 1.46 (s, 3H), 1.97 (dd, J = 13.3, 9.2 Hz, 1H), 
2.05 (dd, J = 13.3, 8.7 Hz, 1H), 2.35 (dd, J = 8.7, 8.2 Hz, 1H), 2.66 (dd, J = 15.1, 8.2 Hz, 1H), 
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3.61 (dd, J = 9.2, 8.7 Hz, 1H), 3.79 (d, J = 11.9 Hz, 1H), 5.58 (br, 1H). 13C NMR (100 MHz, 
CDCl3): δ = 21.7, 26.8, 32.4, 36.9, 42.5, 55.2, 60.6, 69.0, 75.4, 163.1. IR (KBr): 3380, 2961, 
2870, 1658, 1442, 1366, 1244, 1189, 1158, 1130, 1092, 1064, 964, 909, 822, 732 cm–1. HRMS 
(EI) calcd for C12H22N2O2 [M+] 226.1681, found: 226.1684. 
((1S,3S)-1-Methyl-7-oxo-3-phenylhexahydropyrazolo[1,2-a]pyrazol-1-yl)methyl((S)-1-
phenylethyl)carbamate (55a): Recrystallization of 54a (95% ee) from EtOH/hexane gave an  
 enantiomerically enriched 54a (99.4% ee). A mixture of the 
recrystallized 54a (32 mg, 0.13 mmol), (S)-1-phenylethyl 
isocyanate (42 mg, 0.29 mmol), and a catalytic amount of 
N,N-dimethylpyridin-4-amine (DMAP) in toluene (1 mL) was stirred at rt for 5 d under  an  
argon  atmosphere.48 The mixture was concentrated under reduced pressure. The residue was 
purified by TLC on SiO2 (hexane/AcOEt = 1/1) to afford the carbamate 55a (51 mg, quant.). Rf = 
0.5 (AcOEt). Recrystallization from AcOEt gave the diastereomerically pure 55a. Crystal data: 
C23H27N3O3, FW = 393.48, monoclinic, P21 (#4), a = 9.5902(2), b = 9.9373(3), c = 10.7178(3) Å, 
β = 95.5090(10)°, V = 1016.70(5) Å3, Z = 2, Dcalcd = 1.285 g cm–3, R = 0.0250 (Rw = 0.0660) for 
3643 reflections with I > 3.00σ(I) and 265 variable parameters. CCDC 1518209 (55a) contains 
the supplementary crystallographic data for this paper. These data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
Mp 172–173 °C. [α]25D –44 (c 0.26, EtOH). 1H NMR (400 MHz, CDCl3): δ = 1.29–1.58 (m, 
3H), 1.53 (s, 3H), 2.17 (t, J = 11.9 Hz, 1H), 2.53–2.76 (m, 3H), 2.82–2.95 (m, 1H), 3.30–3.38 (m, 
1H), 3.50–3.57 (m, 1H), 4.42 (d, J = 11.0 Hz, 1H), 4.58 (d, J = 11.0 Hz, 1H), 4.82–4.91 (m, 1H), 
5.18 (brs, 1H), 7.13–7.34 (m, 10H). 13C NMR (100 MHz, CDCl3): δ = 22.3, 22.5, 37.2, 50.3, 
50.7, 51.4, 59.0, 65.5, 69.4, 125.2, 126.0, 127.0, 127.4, 128.1, 128.6, 137.3, 143.1, 155.2, 163.2. 



















 Page 123 
1111, 1077, 1058, 762, 703 cm–1. Anal. Calcd for C23H27N3O3: C, 70.21; H, 6.92; N, 10.68. 
Found: C, 70.06; H, 6.98; N, 10.55. 
((1R,3R)-3-(tert-butyl)-1-methyl-7-oxohexahydropyrazolo[1,2-a]pyrazol-1-yl)methyl ((S)-
1-phenylethyl)carbamate (55e): A mixture of the 54e (83% ee, 78 mg, 0.34 mmol) obtained by  
another cycloaddition using (R,R)-DIPT, (S)-1-phenylethyl 
isocyanate (80 mg, 0.54 mmol), and a catalytic amount of 
DMAP in toluene (1 mL) was stirred at rt for 4 d under an 
argon atmosphere. The mixture was concentrated under 
reduced pressure. The residue was purified by TLC on SiO2 (AcOEt only) to afford the 
carbamate 55e (93 mg, 72%). Rf = 0.7 (AcOEt). Recrystallization from AcOEt gave the 
diastereomerically pure 55e. Crystal data: C21H31N3O3, FW = 373.49, orthorhombic, P21 21 21 
(#19), a = 7.5338(2), b = 15.4969(4), c = 17.6570(5) Å, V = 2061.46(10) Å3, Z = 4, Dcalcd = 
1.203 g cm–3, R = 0.0301 (Rw = 0.0778) for 3901 reflections with I > 3.00s(I) and 248 variable 
parameters. CCDC 1524360 (55e) contains the supplementary crystallographic data for this 
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data 
Centre via www.ccdc.cam.ac.uk/data_request/cif. Mp 183–184 °C. [a]25D –29 (c 0.31, EtOH). In 
1H and 13C NMR spectra, two isomers of 55e, which might be derived from restricted nitrogen–
carbonyl carbon bond [N–C(=O)] rotation, were observed in the ratio of 3/1. Major isomer: δ = 
0.85 (s, 9H), 1.36–1.39 (m, 3H), 1.49 (d, J = 6.4 Hz, 3H), 1.86–1.94 (m, 1H), 2.24–2.32 (m, 2H), 
2.54 (dd, J = 15.1, 7.8 Hz, 1H), 2.66–2.74 (m, 1H), 2.86 (dd, J = 14.7, 8.2 Hz, 1H), 3.51 (dd, J = 
8.2, 7.8 Hz, 1H), 4.40 (d, J = 11.0 Hz, 1H), 4.50 (d, J = 11.0 Hz, 1H), 4.80–4.87 (m, 1H), 5.27 (d, 
J = 7.8 Hz, 1H), 7.18–7.35 (m, 5H). Selected data of minor isomer; 1.36 (s, 3H), 5.22 (d, J = 6.8 
Hz, 1H). 13C NMR (100 MHz, CDCl3): δ = Major isomer: δ = 22.3, 26.9, 31.8, 37.2, 42.8, 49.6, 
50.6, 54.9, 57.7, 65.1, 74.2, 125.81, 127.2, 128.6, 144.6, 156.9, 162.8. Selected data of minor 
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1442, 1366, 1240, 1077, 1063, 910, 766, 705 cm–1. HRMS (TOF) calcd for C21H32N3O3 
[(M+H)+] 374.2444, found: 374.2447. 
(5S,7S)-7-(((t-Butyldimethylsilyl)oxy)methyl)-7-methyl-5-phenyltetrahydropyrazolo[1,2-
a]pyrazol-1(5H)-one (56): The recrystallized 54a (3.0 g, 12 mmol) was dissolved in CH2Cl2 (23  
mL) and DMAP (278 mg, 2.3 mmol), triethylamine (8.5 mL, 60 mmol), 
t-butyldimethylsilyl chloride (9.18 g, 60 mmol) were successively added 
and stirred at rt under a nitrogen atmosphere. After 24 h, cool water with 
ice was added and the mixture was allowed to stir for an additional 1 h. The reaction mixture was 
then extracted with CHCl3, and the combined organic extracts were dried over Na2SO4. After 
evaporation of the solvent, the residue was purified by column chromatography (SiO2, 
hexane/AcOEt = 2/1 to 1/10) to give 56 as a solid (4.2 g, 96%). Rf = 0.6 (hexane/EtOAc = 1/1). 
Mp 129–130 °C. [α]25D –28 (c 0.33, EtOH). 1H NMR (400 MHz, CDCl3): δ = 0.117 (s, 3H), 
0.120 (s, 3H), 0.96 (s, 9H), 1.46 (s, 3H), 2.15 (dd, J = 12.4, 11.0 Hz, 1H), 2.59 (dd, J = 15.2, 8.7 
Hz, 1H), 2.66–2.71 (m, 1H), 2.74 (dd, J = 12.4, 6.0 Hz, 1H), 2.93 (ddd, J = 15.2, 13.3, 8.7 Hz, 
1H), 3.35 (t, J = 8.7 Hz, 1H), 3.55 (d, J = 9.6 Hz, 1H), 3.77 (dd, J = 11.0, 6.0 Hz, 1H), 4.32 (d, J 
= 9.6 Hz, 1H), 7.27–7.38 (m, 5H). 13C NMR (100 MHz, CDCl3): δ = –5.6, –5.3, 18.2, 22.1, 
25.9, 37.2, 50.8, 51.4, 60.8, 64.8, 69.7, 127.1, 128.0, 128.6, 138.1, 162.9. IR (KBr): 2950, 2928, 
2857, 1676, 1494, 1463, 1430, 1414, 1254, 1103, 1003, 870, 853, 775, 727, 703 cm–1. Anal. 
Calcd for C20H32N2O2Si: C, 66.62; H, 8.95; N, 7.77. Found: C, 66.41; H, 9.12; N, 7.79.  
(6S,8S)-8-(((t-Butyldimethylsilyl)oxy)methyl)-8-methyl-6-phenyl-1,5-diazocan-2-one (74):  
To liquid ammonia (200 mL) under a nitrogen atmosphere was added a 
THF (5 mL) solution of 56 (3.0 g, 8.32 mmol) at –78 °C. Then sodium 
metal (0.57 g, 25.0 mmol) was slowly added in small species until the 
color of solution turned to dark blue. After stirring 1 h at –78 °C, the reaction mixture was 
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solid NH4Cl and liquid ammonia was distilled off. The residue was partitioned with CHCl3 and 
H2O and the mixture was subsequently extracted with CHCl3. The combined extracts were dried 
over Na2SO4 and concentrated under reduced pressure. The residue was purified by column 
chromatography (SiO2, hexane/AcOEt = 1/10 to 1/20, then AcOEt/MeOH = 20/1 to 10/1) to give 
74 as an oil (2.2 g, 76%). Rf = 0.6 (AcOEt/MeOH = 5/1). [α]25D + 19 (c 0.75, EtOH). 1H NMR 
(400 MHz, CDCl3): δ = 0.15 (s, 6H), 0.99 (s, 9H), 1.48 (s, 3H), 1.92 (s, 1H), 2.14 (dd, J = 15.6, 
3.2 Hz, 1H), 2.42 (dd, J = 15.6, 9.6 Hz, 1H), 2.59–2.68 (m, 1H), 2.97 (ddd, J = 13.3, 10.1, 4.6 Hz, 
1H), 3.24 (ddd, J = 13.3, 10.1, 3.6 Hz, 1H), 3.37 (ddd, 13.3, 5.9, 4.6 1H), 3.40 (d, J = 9.6 Hz, 
1H), 3.63 (d, J = 9.6 Hz, 1H), 3.98 (dd, J = 9.6, 3.2 Hz, 1H), 6.33 (s, 1H), 7.32–7.45 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ = –5.51, –5.46, 18.3, 25.8, 27.0, 37.8, 45.1, 45.5, 55.8, 58.6, 
70.3, 126.2, 127.1, 128.8, 145.7, 175.3. IR (neat): 3368, 3062, 2960, 2928, 2857, 1652, 1471, 
1255, 1200, 1103, 839, 778, 701 cm–1. HRMS (EI) calcd for C20H34N2O2Si [M+] 362.2390, 
found: 362.2378. 
t-Butyl (2S,4S)- 4-(((t-butyldimethylsilyl)oxy)methyl)-4-methyl-6-oxo-2-phenyl-1,5-
diazocane-1-carboxylate (79): To a dioxane/water (4/1, 20 mL) solution of 74 (4.0 g, 11 mmol)  
and diisopropylethylamine (5.7 mL, 33 mmol), di-t-butyl dicarbonate 
(4.82 g, 22 mmol) was slowly added and the reaction mixture was at rt 
for 24 h under a nitrogen atmosphere. The reaction mixture was then 
concentrated under reduced pressure. The residue was partitioned with CHCl3 and H2O and 
subsequently extracted with CHCl3. The combined extracts were dried over Na2SO4 and 
concentrated under reduced pressure. The residue was purified by column chromatography (SiO2, 
hexane/AcOEt = 1/5 to 1/20) to give 79 as a solid (4.85 g, 95%). Rf = 0.6 (hexane/AcOEt = 1/2). 
Mp 107–109 °C. [α]25D +4 (c 0.32, EtOH). In 1H and 13C NMR spectra, two isomers of 79, 
which might be derived from restricted nitrogen–carbonyl carbon bond [N–C(=O)] rotation, 
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0.12 (s, 3H), 0.92 (s, 9H), 1.34 (s, 3H), 1.47 (s, 9H), 1.99–2.08 (m, 1H), 2.48 (dd, J = 12.8, 7.8 
Hz, 1H), 2.67 (dd, J = 16.0, 12.8 Hz, 1H), 2.74–2.88 (m, 1H), 2.88–3.01 (m, 1H), 3.40 (d, J = 9.2 
Hz, 1H), 4.01 (d, J = 9.2 Hz, 1H), 4.03–4.16 (m, 1H), 5.74–5.83 (m, 1H), 6.02 (brs, 1H), 7.26–
7.36 (m, 5H). Selected data of minor isomer; 0.13 (s, 6H), 0.94 (s, 9H). 13C NMR (100 MHz, 
CDCl3): Major isomer: δ = –5.57, –5.54, 18.2, 25.80, 28.0, 28.2, 36.5, 37.0, 51.6, 55.6, 55.8, 
69.4, 80.6, 126.5, 127.3, 128.5, 140.7, 156.9, 171.8. Selected data of minor isomer; –5.46, –5.44, 
18.3, 25.78, 37.5, 80.3. IR (KBr): 3440, 2955, 2930, 2857, 1689, 1666, 1473, 1414, 1473, 1414, 
1365, 1249, 1218, 1162, 1118, 1048, 837, 779, 742, 698 cm–1. Anal. Calcd for C25H42N2O4Si: C, 
64.89; H, 9.15; N, 6.05. Found: C, 64.66; H, 9.39; N, 6.06. 
Di-t-butyl (2S,4R)-2-(((t-butyldimethylsilyl)oxy)methyl)-2-methyl-8-oxo-4-phenyl-1,5-
diazocane-1,5-dicarboxylate (84): To a toluene (30 mL) solution of 79 (3.88 g, 8.38 mmol),  
DMAP (1.23 g, 10 mmol) and di-t-butyl dicarbonate (9.14 g, 42 mmol) 
were added under an argon atmosphere and the reaction mixture was 
refluxed for 24 h. Solvent was removed under reduced pressure. The 
residue was purified by column chromatography (SiO2, hexane/AcOEt = 5/1 to 2/1) to give 84 as 
an oil (4.69 g, quant.). Rf = 0.4 (hexane/EtOAc = 5/1). [α]25D –128 (c 0.31, EtOH). 1H NMR 
(400 MHz, CDCl3): In 1H and 13C NMR spectra, two isomers of 84, which might be derived 
from restricted nitrogen–carbonyl carbon bond [N–C(=O)] rotation, were observed in the ratio of 
2/1. Major isomer: δ = 0.112 (s, 3H), 0.12 (s, 3H), 0.826 (s, 9H), 1.43 (s, 3H), 1.47 (s, 9H), 1.52 
(s, 9H), 1.85–1.96 (m, 1H), 2.30 (dd, J = 16.0, 3.7 Hz, 1H), 2.32–2.39 (m, 1H), 2.84–2.96 (m, 
1H), 3.43 (td, J = 12.4, 5.0 Hz, 1H), 3.73–3.80 (m, 1H), 4.12 (d, J = 10.1 Hz, 1H), 4.64 (d, J = 
10.1 Hz, 1H), 5.57 (d, J = 11.4 Hz, 1H), 7.20–7.32 (m, 5H). Selected data of minor isomer; 0.106 
(s, 3H), 0.13 (s, 3H), 0.831 (s, 9H), 1.46 (s, 9H), 1.51 (s, 9H), 3.32 (ddd, J = 12.8, 11.4, 3.3 Hz, 
1H), 3.43 (ddd, J = 14.6, 4.6, 2.8 Hz, 1H), 3.95 (d, J = 10.0 Hz, 1H), 4.56 (d, J = 10.0 Hz, 1H), 











17.9, 25.1, 25.7, 27.9, 28.5, 35.4, 41.1, 53.5, 61.8, 66.2, 80.5, 80.9, 81.7, 126.2, 127.1, 128.4, 
141.3, 151.6, 154.6, 183.6. Selected data of minor isomer; –5.6, –5.4, 18.0, 24.4, 25.8, 28.1, 28.4, 
35.0, 42.1, 51.9, 61.6, 65.7, 79.8, 81.6, 126.6, 127.0, 128.3, 141.2, 152.1, 155.1, 183.7. IR (KBr): 
2976, 2960, 2857, 1741, 1712, 1690, 1462, 1406, 1366, 1320, 1254, 1167, 1070, 975, 903, 839, 
775, 699 cm–1. HRMS (FAB) calcd for C30H51N2O6Si [(M+H)+] 563.3516, found: 563.3515. 
Methyl 3-((t-butoxycarbonyl)((1S,3S)-3-((t-butoxycarbonyl)amino)-4-((t-
butyldimethylsilyl)oxy)-3-methyl-1-phenylbutyl)amino)propanoate (86): To a THF (10 mL)  
 and H2O (5 mL) solution of 84 (335 mg, 0.60 mmol), lithium 
hydroxide anhydrous (214 mg, 8.93 mmol) was added and the 
reaction mixture was heated at 65 °C for 24 h. The reaction was quenched by the addition of a 
sat. aqueous solution of NH4Cl and the mixture was subsequently extracted with CHCl3. The 
combined extracts were dried over Na2SO4 and concentrated under reduced pressure to give the 
crude carboxylic acid as an oil. The resulting carboxylic acid was dissolved in AcOEt and Et2O. 
Subsequently, an Et2O solution of diazomethane was added dropwise until the yellow color of 
the diazomethane solution persisted during several minutes. The solution was then kept under 
fume hood until solvent was completely evaporated. The residue was then purified by column 
chromatography (SiO2, hexane/AcOEt = 5/1 to 2/1) to give 86 as an oil (313 mg, 88%, 2 steps). 
Rf = 0.7 (hexane/AcOEt = 2/1). [α]25D –46 (c 0.41, EtOH). 1H NMR (400 MHz, CDCl3): δ = 
0.03 (s, 3H), 0.04 (s, 3H), 0.87 (s, 9H), 1.29 (s, 3H), 1.38 (s, 9H), 1.48 (br s, 9H), 1.60–1.72 (m, 
1H), 2.10–2.52 (m, 3H), 3.12–3.29 (m, 1H), 3.31–3.48 (m, 1H), 3.48–3.59 (m, 1H), 3.56 (s, 3H), 
3.68–3.73 (m, 1H), 4.50–4.73 (m, 1H), 5.50 (brs, 1H), 7.17–7.33 (m, 5H). 13C NMR (100 MHz, 
CDCl3): δ = –5.5, –5.4, 18.2, 22.3, 25.8, 28.4, 28.5, 33.9, 35.0, 39.4, 51.4, 53.9, 55.9, 67.3, 78.7, 
80.0, 127.4, 127.7, 128.5, 141.5, 154.5, 155.2, 172.0. IR (neat): 3437, 2980, 2954, 2857, 1741 
1720, 1691, 1497, 1462, 1408, 1366, 1253, 1168, 1105, 837, 777, 702 cm–1. HRMS (FAB) 
calcd for C31H55N2O7Si [(M+H)+] 595.3779, found: 595.3773. 
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t-Butyl(4S,6S)-4-(((t-butyldimethylsilyl)oxy)methyl)-4-methyl-2-oxo-6 
phenyltetrahydropyrimidine-1(2H)-carboxylate (90): To a THF (3 mL) solution of 
hexamethyldisilazane (210 mg, 1.30 mmol) was added n-butyllithium 
(1.30 mmol, 0.81 mL of 1.6 M solution in n-hexane) at –78 °C under an 
argon atmosphere and the mixture was stirred at –78 °C for 1 h to give 
the first portion of LiHMDS (1.30 mmol). Then a THF (3 mL) solution of p-MeC6H4SH (162 mg, 
1.30 mmol) was added and the mixture was stirred for 15 min. A THF (3 mL) solution of 86 
(259 mg, 0.43 mmol) to the mixture and the reaction was stirred at –78 °C for 30 min and at 
25 °C for 2 h. After that the reaction was cooled to –78 °C and stirred for 10 min, the second 
portion of LiHMDS (0.65 mmol), prepared from hexamethyldisilazane (106 mg, 0.65 mmol) and 
n-butyllithium (0.65 mmol, 0.41 mL of 1.6 M solution in n-hexane) in THF (3 mL), was added 
and stirred for additional 15 min at –78 °C. The reaction was stirred at 25 °C for 2 h. Next the 
reaction was again cooled to –78 °C and the third portion of LiHMDS (0.43 mmol), prepared 
from hexamethyldisilazane (70 mg, 0.43 mmol) and n-butyllithium (0.43 mmol, 0.27 mL of 1.6 
M solution in n-hexane) in THF (3 mL), was added. Finally, the reaction was warmed to 25 °C 
and stirred for 20 h. The reaction was quenched by the addition of a sat. aqueous solution of 
NH4Cl and the mixture was concentrated under reduced pressure. The residue was partitioned 
with CHCl3 and H2O and subsequently extracted with CHCl3. The combined extracts were dried 
over Na2SO4 and concentrated under reduced pressure. The residue was purified by column 
chromatography (SiO2, hexane/AcOEt = 5/1 to 2/1) to give 90 as a solid (122 mg, 65%). Rf = 0.4 
(hexane/AcOEt = 2/1). Mp 84–86 °C. [α]25D –32 (c 0.29, EtOH). 1H NMR (400 MHz, CDCl3): 
δ = 0.08 (s, 3H), 0.09 (s, 3H), 0.91 (s, 9H), 0.97 (s, 3H), 1.26 (s, 9 H), 1.90 (dd, J = 14.2, 8.7 Hz, 
1H), 2.26 (dd, J = 14.2, 5.5 Hz, 1H), 3.41 (d, J = 9.6 Hz, 1H), 3.51 (d, J = 9.6 Hz, 1H), 5.15 (s, 
1H), 5.19 (dd, J = 8.7, 5.5 Hz, 1H), 7.22–7.35 (m, 5H). 13C NMR (100 MHz, CDCl3): δ = –5.54, 
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152.7. IR (KBr): 3480, 2929, 2857, 1756, 1638, 1458, 1409, 1367, 1309, 1252, 1146, 1093, 853, 
779, 701 cm–1. HRMS (FAB) calcd for C23H39N2O4Si [(M+H)+] 435.2679, found: 435.2680. 
Di-t-butyl(4S,6S)-4-(((t-butyldimethylsilyl)oxy)methyl)-4-methyl-2-oxo-6-
phenyldihydropyrimidine-1,3(2H,4H)-dicarboxylate (93): To a toluene (3 mL) solution of 90  
(10 mg, 0.023 mmol) was subsequently added DMAP (3 mg, 0.023 
mmol) and di-t-butyl dicarbonate (25 mg, 0.12 mmol). The resulting 
mixture was heated at 90 °C for 1 h under a nitrogen atmosphere. The 
mixture was concentrated under reduced pressure. The residue was 
purified by column chromatography (SiO2, hexane/AcOEt = 10/1 to 5/1) to give the 
corresponding product 93 as a solid (10 mg, 81%). Rf = 0.3 (AcOEt). Mp 96–97 °C. [α]25D –20 
(c 0.09, EtOH). 1H NMR (400 MHz, CDCl3): δ = 0.11 (s, 3H), δ = 0.12 (s, 3H), 0.93 (s, 9H), 
1.16 (s, 12H), 1.53 (s, 9H), 1.93 (dd, J = 13.7, 10.5 Hz, 1H), 2.41 (dd, J = 13.7, 5.0 Hz, 1H), 3.72 
(d, J = 9.6 Hz, 1H), 3.97 (d, J = 9.6 Hz, 1H), 5.13 (dd, J = 10.5, 5.0 Hz, 1H), 7.22–7.35 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ = –5.6, –5.5, 18.3, 22.7, 25.9, 27.4, 27.7, 41.8, 56.9, 58.4, 67.5, 
82.7, 83.3, 125.7, 127.3, 128.6, 151.0, 151.2, 153.2. IR (KBr): 2928, 2855, 1765, 1734, 1673, 
1386, 1367, 1247, 1136, 843, 784, 767 cm–1. HRMS (FAB) calcd for C28H47N2O6Si [(M+H)+] 
535.3203, found: 535.3195. 
Di-t-butyl ((1S,3S)-4-hydroxy-3-methyl-1-phenylbutane-1,3-diyl)dicarbamate (95):  
A  solution of 90 (257 mg, 0.59 mmol) in conc. HCl (3.0 mL) was 
stirred for 2 d at 120 °C (bath temp.). The mixture was concentrated 
under reduce pressure to give a crude 1,3-diamine hydrochloride 94 as 
brown solid. The resulting ammonium salt was dissolved in THF (3 mL) and the solution was 
cooled to 0 °C. NaHCO3 (348 mg, 4.14 mmol) was slowly added to the mixture at 0 °C. 
Subsequently, a THF (5 mL) solution of di-t-butyl dicarbonate (645 mg, 2.96 mmol) was added 
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stirred for 20 h. The reaction mixture was diluted with H2O and extracted with CHCl3. The 
combined extracts were dried over Na2SO4 and concentrated under reduced pressure. The residue 
was purified by column chromatography (SiO2, hexane/AcOEt = 5/1 to 2/1) to give 95 as a solid 
(170 mg, 73%, 2 steps). Rf = 0.3 (hexane/AcOEt = 2/1). Mp 117–119 °C. [α]25D –50 (c 0.47, 
EtOH). 1H NMR (400 MHz, CDCl3): δ = 1.14 (s, 3H), 1.32 (s, 18H), 2.03–2.07 (m, 1H), 2.17–
2.24 (m, 1H), 3.53 (d, J = 11.9 Hz, 1H), 3.60 (d, J = 11.9 Hz, 1H), 4.60–4.63 (m, 1H), 4.86 (brs, 
1H), 5.55 (brs, 1H), 7.11–7.29 (m, 5H). Signal of one OH or NH proton was not observed clearly. 
13C NMR (100 MHz, CDCl3): δ = 23.0 28.3, 28.4, 42.3, 51.7, 56.4, 69.5, 79.5, 79.8, 126.1, 
127.1, 128.7, 143.7, 155.3, 156.1. IR (KBr): 3411, 2979, 2932, 1686, 1510, 1455, 1391, 1366, 
1252, 1170 1074, 700 cm–1. HRMS (FAB) calcd for C21H35N2O5 [(M+H)+] 395.2546, found: 
395.2553. 
(2S,4S)-2,4-Bis((t-butoxycarbonyl)amino)-2-methyl-4-phenylbutyl acetate (97):  
To a CH2Cl2 (3 mL) solution of 95 (150 mg, 0.38 mmol) were slowly 
added Ac2O (0.4 mL) and Et3N (0.5 mL) during the time of 2 h at 0 °C 
under a nitrogen atmosphere and the reaction mixture was gradually 
warmed up to rt and stirred for 22 h. The mixture was concentrated under reduce pressure. The 
residue was purified by column chromatography (SiO2, hexane/AcOEt = 5/1 to 2/1) to give 97 as 
an oil (160 mg, 91%). Rf = 0.5 (hexane/AcOEt = 2/1). [α]25D –46 (c 0.33, EtOH). 1H NMR (400 
MHz, CDCl3): δ = 1.26 (s, 3H), 1.33 (s, 9H), 1.34 (s, 9H), 1.82–2.10 (m, 1H), 1.97 (s, 3H), 
2.17–2.22 (m, 1H), 4.04 (d, J = 11.0 Hz, 1H), 4.21 (d, J = 11.0 Hz, 1H), 4.72–4.76 (m, 2H), 4.98 
(brs, 1H), 7.08–7.25 (m, 5H). 13C NMR (100 MHz, CDCl3): δ = 20.8, 22.9, 28.3, 42.5, 51.1, 
54.2, 68.3, 79.3, 79.5, 125.9, 127.1, 128.6, 143.7, 154.4, 154.9, 170.6. IR (neat): 3420, 2979, 
1742, 1718, 1700, 1521, 1366, 1247, 1169, 1042, 700 cm–1. HRMS (FAB) calcd for 













Di-t-butyl ((3S,5S)-5-methyl-2-oxotetrahydro-2H-pyran-3,5-diyl)dicarbamate (100): 
 To a CCl4 (2 mL) and MeCN (2 mL) solution of 97 (100 mg, 0.23 
mmol) was added a H2O (2 mL) solution of RuCl3 hydrate (24 mg, 0.11 
mmol) at rt and the reaction mixture was turned to be black after stirring. 
Subsequently, NaIO4 (1.47 g, 6.9 mmol) was added and the black color of the mixture was 
turned to be yellow. The reaction was vigorously stirred at 25 °C for 24 h. The reaction mixture 
was filtered and the filtrate was extracted with CHCl3. The combined extracts were dried over 
MgSO4 and concentrated under reduced pressure. The residue was purified by column 
chromatography (SiO2, hexane/AcOEt = 5/1 to 0/1, then AcOEt/MeOH = 10/1) to give the 
corresponding carboxylic acid 98. To a dry MeOH (3 mL) solution of the resulting carboxylic 
acid 98 was added K2CO3 powder (158 mg, 1.15 mmol) at rt and the reaction mixture was stirred 
for 24 h. After the reaction mixture concentrated under reduced pressure, CHCl3/H2O (1/1, v/v, 4 
mL) was added to the residue and the solution was acidified to pH 3–4 by the addition of 0.1 M 
KHSO4 at 0 °C. The reaction mixture was warmed to rt and stirred for 24 h. The mixture was 
extracted with CHCl3. The combined extracts were dried over Na2SO4 and concentrated under 
reduced pressure. The residue was purified by column chromatography (SiO2, hexane/AcOEt = 
10/1 to 2/1) to give 100 as a solid (36 mg, 46%, 3 steps). Rf = 0.3 (hexane/AcOEt = 2/1). Mp 
183–184 °C. [α]25D +20 (c 0.30, CHCl3); [lit.6, [α]25D +19.1 (c 1.10, CHCl3); lit.13, [α]25D +21.5 
(c 1.10, CHCl3)]. 1H NMR (400 MHz, CDCl3): δ = 1.39 (s, 3H), 1.44 (s, 9H), 1.45 (s, 9H) 1.60–
1.68 (m, 1H), 2.68–2.77 (m, 1H), 4.18–4.26 (m, 1H), 4.51–4.62 (m, 2H), 4.75 (brs, 1H), 5.30 
(brs, 1H). 13C NMR (100 MHz, CDCl3): δ = 25.9, 28.3, 39.7, 47.8, 50.7, 73.6, 80.4, 154.5, 
155.1, 172.0; [lit.6, δ = 25.8, 28.3, 39.7, 47.8, 50.7, 73.7, 80.3, 154.5, 155.1, 173.0; lit.13, δ = 
28.29, 29.66, 39.66, 47.78, 50.67, 73.65, 80.30, 154.52, 155.16, 172.05]. IR (KBr): 3444, 2978, 
2927, 1718, 1696, 1636, 1519, 1247, 1164, 1045 cm–1. HRMS (DART) calcd for C16H29N2O6 
[(M+H)+] 345.2026, found: 345.2033. 
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SUPPORTING INFORMATION 
 
Supporting information provides the spectral data including 1H NMR, 13C NMR, HPLC 
spectrum for optimization conditions of the reactions which were presented in Chapter II and 
Chapter IV.  
Particularly, the list of presented contents involves: 
1) 1H and 13C NMR spectra of cycloadducts 54 and the corresponding carbamate derivatives 55        
                 SI 2 
2) 1H and 13C NMR spectra of the products towards the formal total synthesis of manzacidin C, 
lactone 100               SI 16 
3) HPLC data of cycloadducts 54           SI 36 
 
These documents are attached to this rearward disserattion.  
  
  
 Page 133 
REFERENCES AND NOTES 
 [1] (a) Nakamura, H.; Ohizumi, Y.; Kobayashi, J. Tetrahedron Lett. 1984, 25, 2475. (b) 
Kobayashi, J.; Ohizumi, Y.; Nakamura, H.; Hirata, Y. Experientia 1986, 42, 1176. (c) Kobayashi, 
J.; Nakamura, H; Ohizumi, Y. Experientia 1988, 44, 86. (d) Kobayashi, J.; Tsuda, H.; Ishibashi, 
M.; Iwamura, M.; Ohta, T.; Nozoe, S. Tetrahedron 1990, 46, 5579. (e) Tsukamoto, S.; Tane, K.; 
Ohta, T.; Matsunaga, S.; Fusetani, N.; Van Soest, R. W. M. J. Nat. Prod. 2001, 64, 1576. (f) 
Blunt, J. W.; Brent, R. C.; Munro, M. H. G.; Northcote, P. T.; Prinsep, M. R.  Nat. Prod. Rep. 
2002, 19, 1. (g) Aiello, A.; Esposito, M. D.; Fattorusso, E.; Menna, M.; Muller, W. E. G.; 
Ottstadt, S. P.; Schroder, H. C.  Bioorg. Med. Chem. 2006, 14, 17. (h) Yamaguchi, M.; Miyazaki, 
M.; Kodrasov, M. P.; Rotinsulu, H.; Losung, F.; Mangindaan, R. E. P.; De Voogd, N. J.; 
Yokosawa, H.; Nicholson, B.; Tsukamoto, S. Bioorg. Med. Chem. Lett. 2013, 23, 3884. (I) Blunt, 
J. W.; Copp, B. R.; Keyzers, R. A.; Munro, M. H. G.;  Prinsep, M. R. Nat. Prod. Rep. 2016, 33, 
382. (f) Tanaka, N.; Kusama, T.; Kashiwada, Y.; Kobayashi, J. Chem. Pharm. Bull. 2016, 64, 
691. 
[2] Rane, R.; Sahu, N.; Shah, C; Karpoormath, R. Curr. Top. Med. Chem. 2014, 14, 253. 
[3] (a) Kobayashi, J.; Kanda, F.; Ishibashi, M.; Shigemori, H. J. Org. Chem. 1991, 56, 4574. (b) 
Jahn, T.; Konig, G. M.; Wright, A. D. Tetrahedron Lett. 1997, 38, 3883. 
[4] Recent reviews of the preparation of nitrogen-substituted quaternary chiral centers: (a) Kang, 
S. H.; Kang, S. Y.; Lee, H-S.; Buglass, A. J. Chem. Rev. 2005, 105, 4537. (b) Ohfune, Y.; 
Shinada, T. Eur. J. Org. Chem. 2005, 5127. (c) Vogt, H.; Bräse, S. Org. Biomol. Chem. 2007, 5, 
406. (d) Clayden, J.; Donnard, M.; Lefranc, J.; Tetlow, D. J. Chem. Commun. 2011, 47, 4624. 
[5] Ohfune, Y.;  Oe, K.; Namba, K.; Shinada, T. Heterocycles 2012, 85, 2617.   
[6] Namba, K.; Shinada, T.; Teramoto, T.; Ohfune, Y. J. Am. Chem. Soc. 2000, 122, 10708. 
[7] Wehn, P. M.; Du Bois, J.  J. Am. Chem. Soc. 2002, 124, 12950. 
[8] Lanter, J. C.; Chen, H.; Zhang, X.; Sui, Z. Org. Lett. 2005, 7, 5905. 
[9] Sibi, M. P.; Stanley, L. M.; Soeta, T. Org. Lett. 2007, 9, 1553. 
[10] Tran, K.; Lombardi, P. J.; Leighton, J. L. Org. Lett. 2008, 10, 3165. 
[11] Oe, K.; Shinada, T.; Ohfune, Y. Tetrahedron Lett. 2008, 49, 7426. 
[12] Wang, B.; Wu, F.; Wang, Y.; Liu, X.; Deng, L.  J. Am. Chem. Soc. 2007, 129, 768. 
[13] Ichikawa, Y.; Okumura, K.; Matsuda, Y.; Hasegawa, T.; Nakamura, M.; Aya, F.; Masuda, 
  
 Page 134 
T.; Nakano, K.; Kotsu ki, H. Org. Biomol. Chem. 2012, 10, 614. 
[14] Cycloaddition Reactions in Organic Synthesis, Kobayashi, S, Jørgensen. K. A., Eds. 
Wiley-VCH: Weinheim, 2002.  
[15] (a) Ajay, K. Int. J. Chem. Tech. Res. 2013, 5, 3032. (b) Kalluraya, B. IJCAR. 2015, 4, 98. 
[16] Recent reviews of asymmetric 1,3-dipolar cycloaddtion of azomethine imines: (a) Stanley, 
L. M.; Sibi, M. P. Chem. Rev. 2008, 108, 2887. (b) Suga, H. Top. Heterocycl. Chem. 2009, 18, 
119. (c) Hashimoto, T.; Maruoka, K. Chem. Rev. 2015, 115, 5366. (d) Nájera, C.; Sansano, J. 
M.; Yus, M. Org. Biomol. Chem. 2015, 13, 8596. (e) Singh, M. S.; Chowdhury, S.; Koley, S. 
Tetrahedron 2016, 72, 1603. 
[17] (a) Ukaji, Y.; Inomata, K.; Chem. Rec. 2010, 10, 173. (b) Kanemasa, S.; Nishiuchi, M.; 
Kamimura, A.; Hori, K. J. Am. Chem. Soc. 1994, 116, 2324. (c) Kanemasa, S. J. Synth. Org. 
Chem. Jpn. 1995, 53, 104. (d) Kanemasa, S. Synlett 2002, 1371. (e) Kanemasa, S. Heterocycles 
2010, 82, 87. 
[18] (a) Ukaji, Y.; Nishimura, M.; Fujisawa, T. Chem. Lett. 1992, 21, 61. (b) Ukaji, Y.; Sada, 
K.; Inomata, K. Chem. Lett. 1993, 22, 1227. 
[19] (a) Ukaji, Y.; Sada, K.; Inomata, K. Chem. Lett. 1993, 22, 1847. (b) Shimizu, M.; Ukaji, 
Y.; Inomata, K. Chem. Lett. 1996, 25, 455. (c) Yoshida, Y.; Ukaji, Y.; Fujinami, S.; Inomata, K. 
Chem. Lett. 1998, 27, 1023. (d) Ukaji, Y.; Ima, M.; Yamada, T.; Inomata, K. Heterocycles 2000. 
52, 563. (e) Tsuji, M.; Ukaji, Y.; Inomata, K. Chem. Lett. 2002. 31, 1112. 
[20] (a) Ukaji, Y.; Taniguchi, K.; Sada, K.; Inomata, K. Chem. Lett. 1997, 26, 547. (b) Xia, D.; 
Taniguchi, K.; Ukaji, Y.; Inomata, K. Chem. Lett. 2001, 30, 468. (c) Xia, D.; Ukaji, Y.; Fujinami, 
S.; Inomata, K. Chem. Lett. 2002, 31, 302. (d) Xia, D.; Taniguchi, K.; Hamamoto, Y.; Sada, K.; 
Fujinami, S.; Ukaji, Y.; Inomata, K. Bull. Chem. Soc. Jpn. 2006, 79, 1069.  
[21] (a) Sibi, M. P.; Rane, D.; Stanley, L. M.; Soeta, T. Org. Lett. 2008, 10, 2971. (b) 
Hashimoto, T.; Maeda, Y.; Omote, M.; Nakatsu, H.; Maruoka, K. J. Am. Chem. Soc. 2010, 132, 
4076. (c) Suga, H.; Arikawa, T.; Itoh, K.; Okumura, Y.; Kakehi, A.; Shiro, M. Heterocycles 
2010, 81, 1669. (d) Hashimoto, T.; Omote, M.; Maruoka, K. Angew. Chem., Int. Ed.. 2011, 50, 
3489. (j) Arai, T.; Ogino, Y. Molecules 2012, 17, 6170. (k) Imaizumi, T.; Yamashita, Y.; 
Kobayashi, S. J. Am. Chem. Soc. 2012, 134, 20049.  
[22] Kato, T.; Fujinami, D.; Ukaji, J.; Inomata, K. Chem. Lett. 2008, 37, 342. 
[23] (a) Yoshida, M.; Sassa, N.; Kato, T.; Fujinami, S.; Soeta, T.; Inomata, K.; Ukaji, Y. Chem. 
  
 Page 135 
–Eur. J. 2014, 20, 2058. (b) Ukaji, Y.; Soeta, T. In Methods and Applications of Cycloaddition 
Reactions in Organic Syntheses; Nishiwaki, N. Ed.; Wiley & Sons, Inc.: New Jersey, 2014. Chap. 
11. (d) Ukaji, Y.; Soeta, T. J. Synth. Org. Chem. Jpn. 2015, 73, 65. (e) Tanaka, K.; Kato, T.; 
Fujinami, S.; Ukaji, Y.; Inomata, K. Chem. Lett. 2010, 39, 1036. and references cited therein. 
[24] The structures of the compounds 57, 58, 59, 60, 61(61A-1), 61A-2, 62, 62A, 63, 64, 67, 69, 
69A, 70, 70B-1, 70B-2, 71, 73, 76A, 76B, 77, 78, 80, 81, 81B, 82, 83, 86C, 87, 88, 89, 90B, 90C, 
91, and 96, shown in Chap. III and IV, were not completely determined. They were speculated 
by their 1H NMR spectra and the proposed structures of them were depicted in this dissertation. 
[25] (a) Latham, D. W. S.; Meth-Cohn, O.; Suschitzky, H.; Herbert, J. A. L. J. Chem. Soc., 
Perkin Trans. 1977, 1, 470. (b) Lorance, E. D. L.; Kramer, W. H. K; Gould, T. R. J. Am. Chem. 
Soc. 2002, 124, 15225. 
[26] Weber, H.; Wollenberg, E. Arch. Pharm. 1988, 321, 551. 
[27] Ma, Z.; Xie, F.; Yu, H.; Zhang, Y.; Wu, X.; Zhang, W. Chem. Commun. 2013, 49, 5292. 
[28] (a) Corer, E. J.; Erickson, B. W. J. Org. Chem. 1971, 36, 3553. (b) Meyers, A. I.; Sturgess, 
M. A.  Tetrahedron Lett. 1988, 29, 5339. (c) Pilar, F.; Montserrat, F. M.; Anna, D.; Mario, R.; 
Pierre, C. M.; Jean-Charles, Q. Synthesis 1999, 2, 258. (d) Tyrrell, E.; Skinner, G. A.; Janes, J.; 
Milsom, G. Synlett 2002, 7, 1073. (e) Nicolaou, K. C.; Mathison, C. J. N.; Montagnon, T. Angew. 
Chem. Int. Ed. 2003, 42, 4077. (f) Kobler, Christoph; Hateley, Martin; Roth, Philipp; Jaeger, 
Barbara; Weckbecker, Christoph; Huthmacher, Klaus. PCT Int. Appl. 2009, WO 2009007193. 
 [29] (a) Weber, H.; Wollenberg, E. Arch. Pharm. 1988, 321, 551. (b) Rocha, G. M. S. R. O.; 
Johnstone, R. A. W.; Neves, M. G. P. M. S. J. Mol. Catal. A: Chem. 2002, 187, 95. (c) Magdziak, 
D.; Rodriguez, A. A.; Water, R. W. V. D; Pettus, T. R. R. Org. Lett. 2002, 4, 285. (d) Pezzella, 
A.; Lista, L.; Nappolitano, A.; d'Ischia, M. Tetrahedron Lett. 2005, 46, 3541. 
[30] (a) Davis, Jr. F. A.; Nadir, U.; Kluger, E. W.; Sedergran, T. C.; Panunto, T. W.; Billers, R.; 
Turchi, I. J.; Watson, H. W.; Chen, J. S.; Kimura, M. J. Am. Chem. Soc. 1980, 102, 2000. (b) 
Koft, E. R.; Dorff, P.; Kullning, R. J. Org. Chem. 1989, 54, 2936. (c) Evans, D. A.; Morrissey, 
M. M.; Dorow, R. L.; Org. Biomol. Chem. 2011, 9, 7011. 
[31] Matsuyama, H.; Itoh, N.; Matsumoto, A.; Ohira, N.; Hara, K.; Yoshida, M.; Iyoda, M. J. 
Chem. Soc. Perkin Trans. 1. 2001, 2924. 
[32] Chung, S. K.; Jeong, T. H.; Kang, D. H. J. Chem. Soc. Perkin Trans. 1. 1998, 969. 
[33] Ege, M.; Wanner, K. T. Tetrahedron 2008, 64, 7273.  
  
 Page 136 
[34] Nicolas, W.; Delphine, L. B. R.; Pauline, G.; Amelie, L.; Amaury, F.; Philippe, C.; Joelle, 
D.; Nicole, P.; Jean-Pierre, H.; Christophe, F.; Regis, M. J. Med. Chem. 2011, 54, 1178. 
[35] Giovannini, A.; Savoia, D.; Umani-Ronchi, A. J. Org. Chem. 1989, 54, 228. 
[36] Breder, A.; Chinigo, G. M.; Waltman, A. W.; Carreira, E. M. Chem. Eur. J. 2011, 17, 
12405. 
[37] Shirokane, K.; Wada, T.; Yoritate, M.; Minamikawa, R.; Takayama, N.; Sato, T.; Chida, N. 
Angew. Chem. Int. Ed. 2014, 53, 512. 
[38] (a) Shintani, R.; Ito, T.; Nagamoto, M.; Otomo, H.; Hayashi, T. Chem. Commun. 2012, 48, 
9936. (b) Rosenberg, S. H.; Rapoport, H. J. Org. Chem. 1985, 50, 3979. 
[39] (a) Reich, H. J.; Renga, J. M.; Reich, I. L. J. Am. Chem. Soc. 1975, 97, 5434. (b) Silverman, 
R. B.; Invergo, B. J.; Mathew, J. J. Med. Chem. 1986, 29, 1840. (c) Raghavan, S.; Babu, V. S. 
Tetrahedron 2011, 67, 2044. 
[40] (a) Suami, T.; Sasai, H.; Matsuno, K.; Suzuki, N. Carbohydrate Res. 1985, 143, 85. (b) 
Macdonald, S. J. F.; Montana, J. G.; Buckley, D. M.; Dowle, M. D. Synlett 1998, 1378. 
[41] Khatik, G. L.; Kumar, R.; Chakraborti, A. K. Org. Lett. 2006, 8, 2433. 
[42] (a) Hasegawa, M.; Taniyama, D.; Tomioka, K. Tetrahedron 2000, 56, 10153. (b) Yang, D.; 
Zhang, C. J. Org. Chem. 2001, 66, 4814. (c) Yang, D.; Chen, F.; Dong, Z. M.; Wei Zhang, D. J. 
Org. Chem. 2004, 69, 2221. (d) Plietker, B.; Niggemann, M. J. Org. Chem. 2005, 70, 2402. (e) 
Takahashi, K.; Yamaguchi, D.; Ishihara, J.; Hatakeyama, S. Org. Lett. 2012, 12. 1644. (f) Yadav, 
J, S.; Rajendar, G.; Rao, R. S.; Pabbaraja, S. J. Org. Chem. 2013, 78, 8524. 
[43] Morgen, M.; Bretzke, S.; Li, P.; Menche, D. Org. Lett. 2010, 12, 4494.  
[44] Jessen, C. U.; Selvig, H.; Valsborg, J. S. J. Labelled Cpd. Radiopharm. 2001, 44, 265.  
[45] Hunt, T.; Watson, H. C. A.; Collingwood, S. P.; Coote, K. J.; Czarnecki, S.; Danahay, H.; 
Howsham, C.; Hunt, P.; Paisley, D.; Young, A. Bioorg. Med. Chem. Lett. 2012, 22, 2877. 
[46] Delgado, O. D.; Monteagudo, A.; Gool, M. V.; Trabancoa, A. A.; Fuster, S. Org. Biomol. 
Chem. 2012, 10, 6758.  
[47] (a) Xie, Z. F.; Sakai, K. J. Org. Chem. 1990, 55, 820. (b) Novak, T.; Tan, Z.; Liang, B.; 
Negishi, E.; J. Am. Chem. Soc. 2005, 127, 2838.  
[48] Hanari, T.; Shimada, N.; Kurosaki, Y.; Thrimurtulu, N.; Nambu, H.; Anada, M.; 
Hashimoto, S. Chem. Eur. J. 2015, 21, 11671. 
  
 Page 137 
APPENDIX 
 
Appendix consits of reference theses and sub-theses which are: 
 
Reference theses             AP 1 
Title 
"Formal Total Synthesis of Manzacidin C Based on Asymmetric 1,3-Dipolar Cycloaddition of 
Azomethine Imines" 
Thu Minh Thi Tong, Takahiro Soeta, Takuya Suga, Keisuke Kawamoto, Yoshihito Hayashi, 
Yutaka Ukaji 
J. Org. Chem., Article ASAP. 
  DOI: 10.1021/acs.joc.6b02816. 
Publication Date (Web): January 16, 2017. 
 
Sub-theses               AP 2 
Title 
"Highly stereoselective cyclopropanation of diazo Weinreb amides catalyzed by chiral Ru(II)–
Amm–Pheox complexes" 
Soda Chanthamath, Hamada S. A. Mandour, Thu Minh Thi Tong, Kazutaka Shibatomi, Seiji 
Iwasa 
Chem. Commun. 2016, Vol. 52, pp. 7814–7817. 
 








List of Contents 
1) 1H and 13C NMR spectra of cycloadducts 54 and the corresponding carbamate derivatives 55 
                 SI 2 
2) 1H and 13C NMR spectra of the products toward the formal total synthesis of manzacidin C, 
lactone 100                SI 16 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4) HPLC data of cycloadducts 54 
 
 
# tR[min] AREA HEIGHT AREA% 
1 48.850 4179476 33716 51.254 


















 # tR[min] AREA HEIGHT AREA% 
1 48.992 906680 8299 2.622 
2 60.450 33673742 191453 97.378 
 
 
 # tR[min] AREA HEIGHT AREA% 
1 49.842 40492 620 0.282 









# tR[min] AREA HEIGHT AREA% 
1 72.825 7754620 26583 50.104 
2 86.442 7722423 22775 49.896 
 
 
 # tR[min] AREA HEIGHT AREA% 
1 72.092 22955198 72356 95.426 













# tR[min] AREA HEIGHT AREA% 
1 79.467 946717 4558 50.829 
2 103.700 915844 3494 49.171 
 
 
 # tR[min] AREA HEIGHT AREA% 
1 78.383 8453748 33235 95.356 














# tR[min] AREA HEIGHT AREA% 
1 42.773 16579771 144284 49.367 
2 48.170 17004760 133350 50.633 
 
 
 # tR[min] AREA HEIGHT AREA% 
1 42.963 40176319 319083 92.345 













# tR[min] AREA HEIGHT AREA% 
1 42.417 14055075 104861 47.065 
2 55.217 15807767 89013 52.935 
 
 
 # tR[min] AREA HEIGHT AREA% 
1 42.150 8658773 70714 93.779 
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